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PREFACE TO VOLUME ll. 



This Text-Book has been written expressly for Second and 
Third Year Students of Applied Mechanics. It, therefore, 
forms a suitable companion to the Author's Text-Book on 
Steam and Steam Evgines. It also forms a direct continu- 
ation of his Elementary Manual on Applied Mechanics; 
for it covers the Advanced Stage of the Science and Art 
Departments Examinations, and treats on many points 
demanded by the Honours Section. It will, moreover, be 
found of considerable use to those who aim at passing the 
Advanced and Honours Stages of the same Examinations in 
Machine Construction and Drawing, as well as the Exam- 
inations of the City and Guilds of London Institute in 
Mechanical Engineering. At the same time, the treatment 
of the subject is sufficiently general to satisfy the wants 
of other engineering students, who do not happen to have 
these Special Examinations in view. 

The book has been divided into six parts : — 

I. The Principle of Work and its Applications. 
II. Gearing. 

III. Motion and Energy. 

IV. Graphic Statics. 

V. Strength of Materials. 
VI. Hydraulics and Hydraulic Machinery. 



Parts !• and 11, were issued as Yolume L, and the remain* 
ing Parts now form Volume IL This volume consists of 
Lectures XX. to XXXIV, under the following general 
headings : — Velocity and Acceleration — Motion and Energy 
— Energy of Rotation and Centrifugal Force — Engine 
Governors and other Applications of Centrifugal Force — 
Framed Strnctures — Roof Frames— Deficieot Frames- 
Cranes — ^Beams and Girders— Stress and Strain, and 
Bodies under Tension — Strength of Shafts — Strength of 
Beams and Girdera — Deflection of Beams and Girders — 
Hydraulic Appliances — Refrigerating Machines. d 

In each Part special reference has been made to th€r 
latest and best books, and to papers read before leading' 
Engineering Societies, 

In each Part a number of examples have been fully 
worked out, and at the end of each Lecture a aeries of 
carefully-selected queations has been arranged^ in the 
precise order of, and relating solely to, the subject matter 
of the Lecture, so that Teachers and Students may have a 
minimum of trouble io finding sai table examples. 

Volume L having been so kindly received, and having 
already passed into a Second Edition, it has been con- 
sidered advisable to issue this Volume in time far the 
coming session, many Teachers having ex[)ressDd a wish 
to have the continuation of the work at once. Later, the 
Author hopes to have the opportunity of still further 
amplifying and extending Part VL 

In concluaioa, he has to thank many of his old Students 
and friends in connection with the production of the work ; 
more especially, for the help which he received from 
Mr. Robert M. Anderson with Parts L to IIL; Mr. John 
H. A. Maclntyre with Part IV.; and Mr, John Anderson 
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with Part V. He has also to thank Mr. Alexander H. 
Weddell and Mr. John S. Nicholson for preparing numerous 
drawings, and the various firms who supplied illustrations 
of their mechanical appliances. Finally, he has received 
much assistance from Mr. David A. Ramsay, Mr. J. Fred. 
Nielson, and Mr. David Robertson, Jun., in preparing the 
manuscript and revising the proofs. 

Great care has been taken to avoid errors, but if any 
should be observed by readers, the Author will be glad 
to have them pointed out, and to receive any suggestions 
tending to increase the usefulness of this book. 

ANDREW JAMIESON. 

The Glasgow and West of Scotland 
Technical College, 

September, 1897. 
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PART III.-MOTION AND ENERGY. 



LECTUEE XX. 

Contents. — Definitions — Motion — Velocity — Acceleration — Graphical 
Methods — Velocity Diagrams — Falling Bodies— General Formulse — 
Rotation — Angular Velocity — Circular Measure — Angular Accelera- 
tion — Composition and Resolution of Velocities — Parallelogram of 
Velocities — Triangle of Velocities — Polygon of Velocities— Rectangular 
Resolution— Composition and Resolution of Accelerations — The Hodo- 
graph — Hodograph for Motion in a Circle — Examples L, II., III., 
and IV. — Instantaneous Centre — Questions. 

Befinition.— A body is said to be in Motion when it is con- 
tmaally changing its position in space, and to be at Best when 
it retains a fixed position in space. 

These are the definitions of absolute motion and absolute rest. 
We can never know the absolute motion of any body because 
we know no fixed bodies to which we may refer its positions at 
different times. We, therefore, can only deal with the relative 
motion of a body. 

Definition. — A body is said to have Relative Motion with 
respect to another body when it is continually changmg its posi- 
tion relatively to that body. 

Thus, take the case of a train moving on a railway. We always 
consider its motion relatively to some part of the earth's surface. 
But the train is carried round the earth's axis and also round the 
gun by the rotation of the earth itself. And this is not all, for we 
have reason to believe that the sun itself is not fixed in space but 
is in motion. A passenger in the train might be at rest relative 
to the train but he would be in motion relatively to the houses, 
trees, &c., which the train passed on its way. 

Motions of Translation and Rotation. — The motion of a body- 
may be either Translatory or Botary, 



A body is said to have a motion of simple tramlation when i 
points in the body move with the same velocity and in the san 
direction at the same instantj so that no line in the body changes 
its direction. Hence, the motion of the whole body ia known, 
when that of any point in it ia known. 

A body is said to have a motion of simple rotation when the 
various points in the body describe circles about some fixed axis 
either within or without the body. Henct*, the tnotioti of the 
whole is known when that of any lifie in the body (other than the 
axis about which the motion takes place) is known. 

The motion of a body may he complex; being composed or 
compounded of motions of translation and rotation. ThuSj the 
connecting-rod of an engine has a complex motion. It has a 
motion of translation in a vertical plane containing the centre line 
of the engine, and a motion of rotation in the same plane about 
the crosflhead pin. 

Dbfinitiok,— The Path of a moving point is the line, straight 
or cnrred, which passes through all the successive positioiis of 
the point. 

Directioti of Motion. — ^The direction of motion of a body is, at 
any particular instant^ the tangent to the path of the body at that 
infltaut, or the path itself if the motion is rectilinear. 

Thus, let A B be the path of a 
moving body. When the body 
occupies the position, P^^ its direc- 
tion of motion ig along T^ the 
tangent to the path at that point. 
Similarly, when the body occupies 
the position its direction of 




IlLUSTEATINa DlRBCTlOK OF 

Motion, 



motion is along the tangeut Pg, Tg. 

Hence, when a body moves in 
a circular path its direction of 
motion at any instant will be perpendicular to the radius drawn 

to it& position on the circle at that insta^nt. 

Definition.— The Velocity of a body is the rate at which it 
changes its position. 

A vdocity is completely specified when we know (1) its direc- 
item, and (i) its magnitude. 

Hence, a velocity can be completely reproaented by a straight 
line of finite length with a suitably-directed arrow head. 

Definition. — A body is said to be moving with Uniform 
Velocity when it is moving in a constant direction and passes 
over equal distances in eqnal intervals of time, however small 
these may be^ 
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The last clause in the above definition is neoeautry, because a 
hody mighi describe equal distances in equal times, and yet its 
motion might not be uniform. Thus, a train may describe 20 
miles in each of two consecutive hours, and yet its motion may 
bave varied continuously during that time ; sometimes its velocity 
may be 60 miles an hour, and at other times it may be nil 

TJidfonn Yelocity, how MeaBared.~When uniform, the velocity 
of a body is measured by its displacement in nnit time. Tha8:-<- 
Velocity = P^^P^^^e'nent 
Tune 

DsFiNinoH. — body is said to have Unit Velocity when it 
describes unit distance in nnit time. 

The unit of distance in this country is the foot, and the unit 
of time is usually the second, although engineers often take the 
wmufe, or even the hour, as the unit of time. For example, the 
speed of a railway train is always spoken of as so many miles per 
ioHr, and that of the piston of an engine as so many feet per minute. 

Whatever units may be used, we get : — 

--- • (I) 



} 



Or, s = 

Where, s = Displacement, or distance described, in time, t. 
And, V = Velocity, supposed to be uniform. 

*[From the above definition and equation it is evident that v 
must be the same however small t may be. Thus, let the dis- 
I^aoement be very small, say A s, then the time taken to describe 
it will be correspondingly small, say A <, and we get : — 

A« 

A t 

This being trae for the smallest fraction of time, it must also be 
tne in the limit. 

" = ^t \ (11)] 

Or, d8 = vdt ^ 

Definition. — A body is said to be moving with Variable 
Yelocity when it is either changing its direction of motion or 
pasaiog over nneqnal distances in equal intervals of time. 



I who have no knowledge of the notation of the CcUctUua, and 

those merely reading for examination in the Advanced Stage of this sub- 
jeti, may omit for tie present the text within the brackets, thus [ ] . 
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Fmm tbis definition H appmra tbat a body has a variable velocUm 
when the direction or magnitude of its %^elocity h xan&ble. TbuM 
a point on the rim of the iy wheel of an engine has a variabll 
velocity whether the rotary motion of the wheel he uniform or nofl 
This fotlowB at once from the fact that a velocity is only confl 
pletely specified when we know its direction and nrngnitude, aoifl 
a cliange in either the direction or in the magnitude causes 
^1 change in the velocity. It is usual, however, in most problems 
to speak of the velocity as being imiform or variable, accordiiM 
as the Timgnilude of the velocity is uniform or variable. ^ 
H Variable Velocity, how Measured.— When variable, the velocity 1 
H of a body is measured at any particular mstant by the displace- 1 
H mant wMch the body would have received if it moved for a imt | 
H of time with the same velocity which it had at the iustant j 
H und^r consideration. I 

Thus, we see a train approaching a station and say that its I 
velocity is 10 miles an hour, although we at the same time observe ' 
that fta velocity is diminishing rapidly, and will soon he zero. By 
the expression "10 miles an hour " wo, therefore, do not meaa 
that it will run 10 miles during the next hour, but simply that if 
the train continued to run for one hour with the same speed that 
it had at the inataut the remark was made, it vrould tra%^el a 
distance of 10 mtiea 

Average Velocity. — When the velocity of a body is varmoJe, 
and we know its magnitudes for several positions of the hody^ then 

I its average velocity can be found in the same way as we find the 
average of a series of numbers. 
Thus, let i?2J ^ • - ^ "^n denote the velocities at n different 
points in its path ; then : — 
Wi 
ve 
sa 
; 



Average velocity = 5 = Vi + + + ■■•■■*- 

n 

Or it may be defined as follows 

Definition, — When a body moves throogh a certain distance 
with a variable velocity, its average velocity is that uniform 
velocity which it would require to have in order to traverse the 
sme distance in the same time. 

g \ 

Thereforej v = - ( 

Or, 8 ^ vt ] 

If the velocity increase or decrease uniformly, then the mean or 
average velocity is half the sum of the initial and final velocitiea 

Or. v = 'ii^tli^ (Ill) 
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Where and denote the initial and final velocities 
respectively. 

Definition. — The acceleration of a body is its rate of change 
of velocity. 

Acceleration may be either uniform or variable. 

Definition.— Acceleration is nniform when equal changes of 
velocity take place in equal intervals of time, however small 
these may be. 

Otherwise, the acceleration is variable. 

Acceleration, how Measured.— Uniform acceleration is measured 
by the change in the velocity in a unit of time. 

Variable acceleration is measured at any particular instant by 
YfhaX would be the chaoge of velocity in a unit of time, on the 
supposition that during that unit of time the acceleration remained 
the same as at the instant under consideration. 

If the student thoroughly understands the method of measuring 
a variable velocity, he should have no difficulty in perceiving from 
the above statement how variable acceleration is measured. 

Uniformly Accelerated Motion. — We shall now deduce the 
ordinary formulae for the motion of a body uniformly accelerated 
in its line of motion. 

Let Vi = Velocity of body at end of time t^y 

a ^2 ~ »' »» » 

„ 8 = Distance described during interval (^j - t^, 
„ a = Acceleration per unit time. 

Then, Change of velocity = ^3 - Vy 

Bate of change of velocity = — ^. 

h ~ h 

But, Rate of change of velocity = acceleration. 

Or, denoting the interval of time {f^ - t-^ by we get : — 

t . . . . (IV) 

Or, = I'l + a t ) 

That is:— Pinal Velocity = Initial Velocity + Change of Velocity. 
Again, since the acceleration is uniform, we get : — 

Average velocity = 1^ 
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But, = + ^i^H 

Or, s= i^it + i£lf2, 

In many problems the time, is not given, and we require to 
find one of the four quantities, et, v^, % having given the other 
three. From equations (I^^) and (Y) the following relation 
between these quantities can easily be deduced by eiimiiiatiitg L 
ThuB ^1 

From equation (IV), a = ^ — , * 

■ 

From equation (V), s = — - >^ t 

Mnltipljing together the eorresponding sidee of tb^e eqnationi 
and equating the pixiductSj we get : — 

Or, vl = vl ^ 2a8) ' ' ^ ' ^ ^ 

The above foi-mnlse are true for all cases of uniformly incr easing 
or uniformly decreasing velocity ; but in the latter case, the acceler- 
ation will be negativej and a must be preceded by the minus 
sign.* 

If the body start from rest, that is, if the time, be reckoned 
irom the commencement of the motion, then, the initial velocity, 
«2 = 0, and we get, from the above equations : — 

V ^at ....... . (IV«) 

8 = iae . , - . - . - (V„) 

v^ = 2as (YI^) 

Where v = velocity at end of time, Li 

* There is no need for deduciDg, or even Btating, the oorreaponding 
formulas when the acceleratioD is negative* Tho fewer formulse to be eom- 
mitted to memory the better, and i£e student should learn to distinguish 
between poaitivo and negative (increaaing or docreaaing) acceleration as 
indicated by difference in iigu, and to supply the proper sign where 
necessary. 

t The general formula (lY), (V), and (VI) should be used in all 
When the body at&rta from rest, substitute vi = 0. 
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Graphical Methods. — Equations (III) «nd (lY) cm be Tery 
taaly represented hj means of a diagram. We maj here remark 

that diagrams of velocities, accelerations, &c., are very useful in 
assisting the student to answer many problems on the motion of a 
bodj, and in what follows we shall have several instances of their 
OM when dealing with the moving parts of engines. Before 
explaining the following diagrams, it is necessary to remind the 
stad^t that a velocity, or an acceleration, can be completely 
r^vesented by a straight line. We have already seen that a 
vdocity may be represented by a finite straight line. But an 
acceleration is a change of velocity per unit time. Hence, an 
acceleration may also be represented by a finite straight lin& In 
the meantime, we are not concerned with the direction of the 
velocity or acceleration, so that the lines representing these may 
be drawn in any convenient direction. 

Velocity and acceleration diagrams are constructed in a way . 
simikr to those representing work, viz., by drawing two axes at 
rif^t angles, along which the velocities or accelerations and 
intervals of time may be plotted. 

Diagram for Uniform velocity. — Let v ^ velocity, supposed to 
be uniform, and t = time. Draw 
the line A B, along which inter- 
vals of time have to be plotted. 
Thus, let A B represent t. From 
A, set up AO at right angles to 
AB, and let A C represent the 
velocity, v. Complete the rectangle 
ABDC. Then, clearly, the area 
of ABDC represents the dis- 
placement during the time, t. 
Thus 

Displacement — s ^ vt 
« area ABDC. 

Diagram for Uniformly Increasing Velocity. — Let a = the 
acceleration, and v = velocity at the end of time, t ; the initial 
Telocity being zero. As before, let A B represent the interval of 
time, t. At B, the end of interval t, dnaw B C to represent v, and 
join A 0. Then, as before, the area of triangle ABC represents 
the displacement during time, t ; since. 

Displacement = « = mean velocity x tims = x. t 
„ =JBCxAB = area ABC. 

The velocity at any other time can be found by drawing th' 
ordinate from the point on A B representing the given instani 




DiAOBAM roK Uniform 
Velocity. 

The area, ABDC, represents 
the displacement in time, U 



8 



LECTURE XX. 



ThuHy suppoe6 A B represents 4 seconds. Thetij the velocity 
thB end of 3 secondB fi-om the beginning of the motion 

represented by the ordinate 3 R 
Bimilaily, at the end of the first 
second J the velocity is represented 
by the ortlinate 1 D. But in this 
case, the velocity at the end of the 
first second is a measure of the 
acceleration ; therefore, 1 D repre- 
sents the acceleration. 

If the acceleration be given 
instead of the final velocity, then 
the diagram can be set out in the 
Th6 area, ABC, repre&ents following manner : — 





1 2 3 

^ ' t "i 

Diagram fok Velocity I^- 
CREAaiUG Uniformly from 

TO V. 



the diBplacement in time, L 
Join. AD and produce it 

/tea ft It 




I ! 



Let A I represent a nnit of time. 
I>raw 1 D at right angles to A B 
to represent the acceleration, et. 
Then AC is the velocity line. 
From this it will bo seen that 
V ^ ^0 ^ at 

s = ^ a 

= fBC X AB 
— area ABC, 



If the body does not start from 

Diagram tok Vei^city" Ik- [f^ initial velocity \m v,, 

GREAarNo Uniformly from the final velocity, v^. Then, 

vi to Vs. at each end of A B, the line 

The area, AB DC, represents representing I, draw the ordinatea 

the displacement in time, L AC and B D to represent and 

E = vit iatK V2 respectively, and join D, 

Here, Displacement = s ^ J (itj + ^j^) x g = ^ (A C + B D) x A B 
= area A B DO. 



Also, 
And, 



E D = CIimigB of veloeity in time^ t = at- 
BD = BE-hEB = vj + ad. 



We have not drawti the correspoudiug diagrams for the case | 
when the acceleration is mgalivs^ but the student should have \ 



MOTION DUB TO 6BAVITT. 







210 difficulty in doing this for himself. Thus, when a is nega- 
tive, the last diagram would be drawn with the velocity line 
sloping in the opposite direction. 

Motion Due to Gravity. — The most familiar instance of uniformly 
accelerated motion is that of a body falling under the influence of 
gravity. Experiments show that if a body be allowed to fall freely 
in vacuo its motion will be uniformly accelerated, and this acceler- 
ation is the same for every body (large or small, heavy or light) at 
the same locality. The letter g is always used to denote thia 
acceleration. Its value depends on the distance of the falling 
body from the centre of mass of the earth, and varies inversely as 
the square of this distance. Hence, g is different at different 
latitudes, being greatest at the poles and least at the equator. 
When the units of distance and time are the foot and the second, 
the value of g at the poles is about 32*255, and 32-091 at the 
equator. Its value at the sea level in the latitude of London is 
about 32-19, and is generally taken at 32*2 for any place in the 
British isles. 

Formulae for the motion of bodies under the action of gravity 
alone are derived from those previously given for uniformly 
accelerated motion by substituting g for a. Thus: — 



(I) When let fall toUhout initial velocity, 

v=gt (IVi) 

8 = h9t' (Vj) 

v^ = 2g8 (Vh) 

(II) When let fall with initial velocity^ 

V2 = v^ + gt (IVc) 

8=^v,t + igt^ (Vc) 

vl = vl + 2g8 (VI,) 



If the body is thrown upwards with an initial velocity, Vj, then 
the acceleration due to gravity will be in the opposite direction to 
that of the motion ; consequently, we must make either or g 
negative, according as we consider the downward or the upward 
direction to be positive. In such a case it is usual to make g 
negative. The rule usually observed is to take the acceleration 
positive or negative according as the motion is increased or 
decreased. 

[General FormulsB for Linear Motion. — We have already seen 
that the velocity of a body is expressed generally as : — 
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We can now give simikr expvessions for the mcceleratioG when 
till a varies according to any law wiiateyer* Thus, at aiiy instant 
of time let the velocity of tbe bcxiy be i% and at the end of iia 
interval of time, A let it be » + A t?, then : — 

J , . . Ch an sze of velocity 
Time required 
_ (ij + A/y) 1? _ At? 
" " At" a7" 

This being tme, bowever small A i may be, it i&j tiierefbre, 
, the limit| henoa i — 

dv 
di 
ds 



But, 



a = 



dt 



(Yn)] 




Body Rotating about an Axis,— Angular Velocity.— We hvm 
already said that the motion of a body rotating about an axis ia 

completely known when that of any 
line in tbe body, other than the axis 
of rotation, in known. It is moat 
convenient to take this line paaaing 
tbroiigb the axis^ and perpendicular 
ti) it Thus, let O be the intersec- 
tion of the axis with tbe plane of tbe 
paper, OP a line in the body per- 
pendieolar to the axis through O, 
Then the motion of the body is 
known when that of the line O P 
is known. The rootion of the line 
O P is measured by the angle which 
it deMiiibes round tbe ]ioint, 0, in nnit time. This angle ia 
then Bi)oken of aa the ftngalar velocity of the body. Henoe 
tbe tbllowing : — 

Definition.— The angular velocity of a body about an axis is 
the rate of the angular displacement of any line in tbe body 
perpendicnlai- to that elxIs. 

Aofjular velocity, like linear velocity, may be either uniform or 
^riable^ according as equal or unequal angles are described in 
equal intervals of time. 



To UXC^STKATK AnOULAR 

Velocity. 



ANOITLAB TKLOCITT. 
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Uniform Angular Velocity. — Let the ceutre line, OP, of the 
cruik in the above figure sweep out the angle, A O P = ^, in the 
interval of time, t ; then the angular velocitj of the body (uaoallj 
deDoted by the Greek letter u) is : — 

(VIII) 



The angle, ^, is measured in cinytdar units, and not in degrees. 
The unit angle in circular measure is called the radian, and may 
be defined as the angle subtended at tlie centre of a circle by an arc 
of its drcumjerencej equal in length to the radius of the circle. 
Hence, if ^ is in seconds, the unit of angular velocity will be the 
radian per second. 

Since the length of the arc subtending a right angle is 

7 X r, and, therefore, the circular measure of a right angle equal 
to Q radians, we may easily determine the number of degrees in a 
radian. Thus : — 

Btgms m 1 radian : Degrees in 1 right angle = 1 : ?. 

• 1 ^. 90 180 --^ 
Degrees in 1 radian = — = o-ttt? = 67'29. 

2" 

In general, if ^ be the circular measure of an angle of n^ 
then: — 

w° : 90" = ^ : % 

'■m- 

Hence, if the angle described in time, t, by OP, be we get: — 

"-mi <™«> 

When the linear velocity of any point, P, in the body, and its 
distance from the axis are known, the angular velocity of the body 
can be found. Thus : — 

Let V = Component of linear velocity of P perpendicular to 

O P (see the previous figure). 
„ r = Radius, O P. 
Then, v = Arc described by P in unit time. 

— ss Circular measure of angle described by O P in un 
^ time. 
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Yariabla Angular Velocity. — Angular Acceleration — When the 
angular velocity is variable, it is meas^ired iu a way similar to 
that of variable linear velocity. 

[Let = small angle described by Pj in small interval of 
time, At*^ then we have : — 

m - , 

At 

whichj in the limit, becomes 

- m 



of 

\ 



Definition, — The angular acceleratiOE of a rotating body is the 
rate of change of its angular velocity. 

Angular acceleraiioji may be either iinijhrm or variable accord* 
ing aa equal changes of angular velocity take pkce iu equal or 
unequal intervals of time. When uniform, angular acceleration is 
measured by the increase or decrease of angular velocity jser unit 
time. 

Let ^ Angular velocities at the beginning and end of 

interval of time, L 
„ ^1, = Angular displacements at the beginning and 

of interval of time, L 
„ « = Angular acceleration. 



( 



TheD, 
Or, 



a = -^—i- — 1 



(XI) 



a?., = W| -It a t 



From these equations and those previously deduced for uniformly 
accelerated linear motion j the student will notice the similarity of 
L the relations between the terms », t', and ct, and and « respec* 
H| tively. 

H Hence, we get the remaining and corresponding equations for 

L 



= «, f + ^ 6t (2 

ul== u\ + 2ai. . 



(XII) 
(XIII) 



• It 11 Bometimea convenient to spetik about the angular velocity of a 
point, STich as P in tho foregoing figqre. Such a phraae h not strictly 
correct, aud when used, it should be underatoofl to mean the angle 
described in unit time by the radius drawn throtigh the point, F. 
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[Generally, we have : — 

Composition and Resolution of Velocities. — A moviog body may 
liaTe at any instant two or more velocities in different directions, 
and it then becomes an important problem to be able to determine 
the resultant velocity, both in magnitude and in direction. Thus, 
the magnitude and direction of the motion of a man who walks 
across the deck of a moving ship is different from that of the 
ship and also from that of his motion relative to the deck. 
Similarly, the motion of a point on the rim of a carriage wheel 
io motion is, in general, different in magnitude and direction from 
its circular motion about the axle, and also from the onward 
motion of the wheel as a whole. 

The process of finding a single velocity equivalent in effect to 
two or more velocities is called the Composition of Velocities, 

The process of finding two or more velocities equivalent in 
effect to a single velocity is called the Resolution of Velocities. 

Definitioks. — The single velocity which is eqoivalent to two 
or more velocities is called their Resultant, and these two or more 
velocities are called the Components. 

Parallelogram of Velocities. — If two component velocities be 
represented, in magnitude and direction, by two adjacent sides, 
OA, OB, of a parallelogram, their resultant velocity will be 
represented by the diagonal, O D, through their intersection. 

Thus, if a moving point, O, possess simultaneously two velocities, 
P and Q, in directions O A and 
B respectively, and, if O A and 
B represent the magnitudes of 
these velocities, their resultant velo- 
city, R, will be represented both 
in magnitude and in direction by 
the diagonal, O D, of the parallelo- §^ ^Component 
gram constructed on O A, and O B, Paballblooram Law. 
as adjacent sides. 

Let d =: angle between the directions of the velocities, P 
and Q. 

„ a = ^ A O D, and jS = ^ B O D, the angles between the 
direction of the resultant, B, and the components 
P and Q respectively. 
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Then the student m&j eastlj prove from Euclid 11,, 13 and 14,1 
or by tdgoBometryf that : — 



R- = + Q* + 2 P Q cos ^, 



And, 



Q sin ^ 
F + Qcos# 

P sin ^ 
Q + P cos ^ , 



{XVI 



From tbese equations the magnitude and directioti of the result 
tant velocity can be calculated. 

It is not necesaaiy to complete the pafallelogram ae explained 
above, it being <juite sufficient to draw but one-half of the figure^ 
Thus, AD is equal and paruUel to O B ; hence^ as tuuch can 
be determined from the triangle, O A D, as from the complete 
pamllelogram, O A D B. 

Triangle of Velocities. — If two componeBt velocities be repre- 
sented in magnitude and direction by two sides of a triangle taien 
in order, their resultant will be represented in magnitude and 
direction by the third side taken in the reverse direction. 

j lence, if there be simultaneously impressed on a point three 
velocitifcH represented in magnitude and direction by the sides of 
triangle inken in order, then tke point will remain at rest,* 
Polygon of VelocitieSp — If several component velociMes be repre- 
P sented by all but one of the sides of a 
^J^^r^ polygon, A B D E F, taken in order 

f —the resnltant velocity will be repre- 

sented in magnitnde and directioo by 
P the remaining side. A F, taken in the 
^ \ opposite direction. 




Thus, if a moving point have aimul- 
taneously impreased upon it velocitiea, 
ti^ t . and these are represented 
in magnitude and direction by the sides 
AB, BC, , . . EF of a FK)lygon, 
A B D E F, then the resultant velo- 
city will be represented in mag!iitude 
and direction by the aid©, A F, re- 
HuiitMl (mniplfitti tlio polygon. 

* \\\ ni<lUH|f *hU tho Partdklofjram, or Triangk of VdocUks, it is not 
IW^»pf*wirY ilfftw lliti ftiiU^N |inr(i.UGl to the velocities represented. The 
iifal Mfj b« ilmwii \n lUmctioiiii perpeTuIicidaT to the respective velocities, 
^^SmSL at MV^ tiUit^f anj[loi HI) kmg a& the ^gle is the ^me for all the 
3Bm III^ micti ci^*<^" lh*^ bne ropreaenting the retultant will be equaUy 
inolUiNl to it* true diw?utloii. 



POLYGON OF VELOCITIES. 
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If the €gare whoge sides represeDt the component velocities be 
closed or completed when the last velocity has been represented, 
tljen there is no resultant velocity, and the point will remain at rest. 

It is equally important to be able to resolve a given velocity into 
two or more component velocities. Thus, the velocity, R (see the 
^re ioT Faralldogram of Vdocitiee), can be resolved into two 
components, P and Q, in the directions O A, O B respectively. 
Or, the velocity, V (in the last figure), may be resolved into a 
number of components, v^, r,, . . ., in directious A B, B C, . . . 
Further, the directions of t&e component velocities may be any- 
thing we like. Thus, in resolving a given velocity, R, into two 
components, we can do so in an infinite number of ways, since 
an infinite number of parallelograms, such as O A D B, can be 
found having O D for one of their diagonals. When, however, 
the directions of the components are fixed, their magnitudes will 
be definite and easily determined. Referring to the figure for the 
Parallelogram of Velocities, let O D represent a velocity, R, 
which has to be resolved into two components in the directions 
OA and OB. From D draw DA parallel to B O and DB 
parallel to A O, meeting the lines O A and O B in the points A . 
and B respectively. Then O A and O B represent the component 
velocities P and Q to the same scale that O D represents the 
velocity R. 

The most important case of resolution is that wherein the given 
velocity has to be resolved into 
components whose directions are 
at right angles to each other. 
Thus, let it be required to resolve 
the velocity, t?, whose direction is 
OC, into its Rectangular Com- 
ponents along O X and O y. 

From C drop the perpendicu- <5t — vcm^ 

kns C A, B on the axes O x Rkotangulab Resolution. 

and Oy. Then, OA, OB are 

the components in the required directions. 

I^t Vx.Vy = Components of v in directions Ox,Oy respectively. 
„ & = Angle between the directions of v and Vx. 

Then, Vx = v COS0} (XVII> 

And, Vy = V Bin & ) 

Composition and Resolution of Accelerations. — Since an accelera- 
tion is a rate of change of velocity, whether in magnitude or in 
dvreetion, it follows that accelerations may be compounded or 
resolved according to the same rules as velocities. 
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If the dimitdon of motioa of a body be coQstant, then chaiige 
velocity can only take place in that direction. Thus, if a body is 
constrained to move in a rectilineal? path its only acceleration 
ia one of magnitude, and takes place along the straight line in 
'wkich the body moves. 

Again, the velocity of a body may be constant in Tnagnitttde, 
but variable in direction j as in the case of a body moving with 
uniform speed in a cirele. Or, it may vary both in magnitude and 
in direction, as in the case of the bob of a penduhim swinging 
to and fro. The Total Acoeleratiou, in any case^ may be found in 
the following manner — 




Total AooEijRitATTON^ or a Moving Body, 



Let L M be the path of a moving body, and P^, its positions 
At the beginning and end of an interval of time, t 

At Pp its velocity is in the direction of the tangent, Pj T^, and 
at Pa, its velocity is in the direct ion ^ P^ T^. 

From A draw A B and AO to represent in magnitude and 
direetion the velocities of the body at the points P^ and P^ respec- 
tively. Join B C, and complete the parallelogram, A B C I>. 
Then A C represents the resultant 'velocity whose componenta 
are A B and AD or B But, if the velocity of the body had 
remained constant in magnitude and in direction during the time, 
if its velocity at the end of that interval of time would have been 
represented by A B. Heneej in the above oaae^ A or B C, 
i^preaents, in magnitude and direction^ the dmnge of velocity 
during the time, L 

B C 

Total acceleratioa = — , 
r 

[Suppose the arc Pj P._j to be very small ; and 

Let V = Velocity of body at point, P^, 

„ + A i; = Velocity of body at point, P,. 
„ A i = Small interval of time required to traverse the 

small arc, Pj P^, 
„ A = Angle between tangents to curve at Pi and P^. 
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From B draw B N perpendicular to A C. Then B N and N 
represent respectively the components of the total acceleration, 
BO, aloDg lines normal and tangential to the curve at a point 
near to Pj. 

Hence, Normal AceelercUion = limit of 

A t 
N 

And, Tangential Acceleration = limit of . 

^ t 

l^ow, B N = A B sin A ^ = v sin A ^. 

.BN 
At "'^dt' 

In the limit, let ds denote the infinitesimallj small arc, Pg, 
And let p denote the radius of curvature at the point, Pj or Pj. 

dt dt da ds 
But, from the properties of plane curves, we know that : — 

ds p 

7;2 

Normal Acceleration = — • • • • (XVIII) 

A • T. -NC ^Av dv 

Again, Limit of = limit of — - = -^r . 
^ At At dt 

Tangential Acceleration = ^ • • • • (XIX) 

The result expressed in equation (XIX) agrees with the corre- 
sponding general equation previously deduced. 

In the case of a body moving in a circle with uniform motion, 
we get p = r = radius of circle, and v is constant Then the 
tangential acceleration is nil, and the 

Normal or Radial Acceleration » -y . (XYIIIa) 

This is usually spoken of as the Centripetal Acceleration] 
The Hodograph — Unilbrm Motion in a Circle. — We shall now 
extend the foregoing principles to the determination of the acceler- 
ation of a body which moves with uniform velocity in a circle. 
In the first place we shall briefly describe the properties of the , 
Hodograph, 

• See Todhonter's IHJ. Calculw, p. 343. 
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DBFijfiTiON. — If a pointy Pj be moving in anj manner bi ft 
straight or curved path, and if from a hxed point, straight Hnes 
be drawn representing in magnitude and direction the velocities 
of F at dif erent points of its path, the locus of the extremities of 
those lines will be a curve which is the Hadograph of P's motion. 

Thus, let L M be the path of a moving point, P. Let the 
velocities at the points Pj, P^, P^ , . . be v^, % ^ - * 
From any point, 0, draw O Qj, O Q^, O Qg , . . resjiectively 
parallel to Uj, w^, . . , and of leogthtj i-e presenting thef^e 
velocities* Tben the curve, Qj, Q^^ Q3, Q^, which is the locm of 



the point Q, is the hodograph of P'h motion in the path, L M. 
HeDce, to every point on the curve, L there will be a corre- 
iponding point on the hodogmphj 30 that while the body describes 
the enrve, L M, we may imagioe a point to describe the hodograph. 
We shall now prov^e the following property of the hodograph : — 

The acceleration of the body at any point on the curve, L M, is 
represented in magnitude and direction by the velocity of the 
corresponding point on the hodograph. 

Let V ^ Average velocity between Pj and Pj, " 
», At ^ Indefinitely small time required to describe arc Pj P^ 



\h}i O O represent the velocities of the body at the 
(>«^liuiUn^ and eml'of the interval of time, A L Therefore, chord 
Ml ^vpn^st'nts the change of velocity of the body, during that 
inWrviil iif tinif\ 

thttt \^ atW#fYihW ofhodff between 1 ^ Qi Qa 




The Eodoorafh* 



Thtm, 





At 



THB HODOGBAPH. 
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Bot^ in the limit, when approaches indefinitelj near to P^, 
and, therefore, also approaches indefinitely near to Q^, 
we get:— 

Chord Qi Qg = Arc Qj % 

But, Arc^_Q^ Velocity of Q in hodograph. 

Acceleration of] 
body in cnrve > » Velocity of Q in hodograph. 
LM ) 

Again, since the direction of motion of a point on a cnrve is 
along the tangent to the curve at that point, so the direction of 
motion of Q on the hodograph at any point is along the tangent 
to the hodograph at that point. Hence, the direction of the 
acceleration of the moving body at any point on the curve, L M, 
is represented by the tangent at the corresponding point on the 
hodograph. 

Thus, let Pj and be corresponding points on the path and 
hodograph respectively. Then, O represents the velocity of 
the body at P^, and the tangent to the hodograph at represents 
the direction of the acceleration at the same point. 

When a body describes a circle with uniform velocity, it is 
evident that there can be no tangential acceleration. 

Let A P B represent the circular path of a body moving with 
uniform velocity, v. Then, it is clear that the hodograph of the 
moving body will also be a circle whose 
radius is v. With centre, O, and radius 
representing v, describe a cii-cle, C Q D. 
Then, circle C Q D is the hodograph. 
Let P be the position of the body at 
any instant. Draw the radius, O Q, of 
the hodograph parallel to the tangent 
at P ; or, what is the same thing, draw 
Q perpendicular to O P. Since the 
radius, O P, describes equal angles in 

equal times, it follows at once that the 

laditis, O Q, of the hodograph will also Hodograph for Uniform 
describe equal angles in equal times. Motion in a Circlb. 
In other words, the velocity of Q in the 

hodograph is uniform. Now, the magnitude and direction of the 
velocity of Q represent the magnitude and direction of the dccelerct- 
tion of P. Therefore, the direction of the acceleration of P is 
that of the tangent to the hodograph at the point, Q ; that is, it 
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13 along the radius, 
we observe that 
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P O. As to the magnitude of this acceletatio% 



Accderaiiofh g/ P = a = Velocity qf Q, 

Since Q describes tbe circle, C Q B, in the same time, ^ , as P 
describes the circle j A F we get * 

Circumfermee o/CQD 2TxtJ 

Velocii^ o/Q a ' 

CircuTn/hrence o/* A P B 2 x r 



For hodograph, t = 



For Path of P, t ^ rr j ^ 

' Velocity 0/ P 

EtjuatiDg (1) and (2) we get : — - 

2 2 f 



Acceleration of F 



Example L— A body slides down a smooth indiDed plane, 
determine its velocity at the foot of the plane. If the plane has 




Motion om: Smooth Inclined Plane, 

a rise of 25 per cent., what distance would a body, descending 
along it from a state of rest, describe io five seconds ? Find also 
the time occupied in sHding down the first 50 feet of the length of 
the plane. 

Answer. — Let a = Acceleration of the body along the plane. 
J, a = Inclinatiou of plane to the horizon, 

(1) If the body were free to raove vertically downwards its 
acceleration in. that direction would be But since it is con* 
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strained to move in the direction B A, its acceleration in this 
direction will be less, being, in fact, the component of along 
BA. 

Hence, resolve ^ into its rectangular components in directions 
and at right angles to B A. Then : — 

Acceleration along B A = ^ sin a. 

Acceleration perpendicular to'BA^gcosa, 

The latter component has no effect on the motion of the body. 



Acceleration down the plane = a = sin oc. . . (1) 

Let t = Time required to slide along a length, 8. 
„ V = Telocity at the end of time, t. 

Then, from equation (IVa) v = at. 

V = gt^a (2) 

From equation ( Va) 8 = ^a^. 

8 = Jflrt28ina (3) 

And from equation ( VI^,) =^ 2a8. 

= 2g8 8in a. 

But, s sin oc = Height of plane of length, 8, 

, = A, say. 

Then, v^^2gh (4) 

That is, — The velocity acquired by a body in sliding doum a 
smooth inclined plane is t/ie same as that acquired by a body 
faUing freely through a distance eqiuil to the height of the plane. 

From the given data, we get : — 

25 

t — b seconds. 
/. From equation (3), we get : — 

g = ^^^8ina = J X 32-2 x 5 x 5 x -25 
„ = 100-625 feet. 

(2) Here, « = 50 feet, and we require t. 
From equation (3), we get : — 

« = ^ ^ ^ sin «. 



t = = = 3-52 seconds. 

\^sina \32-2 x -20 
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ANSWER. — For answer 
V^ocUUm. Let A B 1> 




Ta iLLVATBAtE Ex AMPLE IV. 



EziMPLi IL — State the rale for ihe compositioa of 1 
Viioetti£& If a pArticte d^cribes the perimeter of a regular 
pol^gao with a constant reloeitj^ r, show ttrnt there must be 
iinpmBed on il, at och aogiilar poiut a velocity equal to 2 v cm a, 
directed towardfi tlie cen^ of the circumscribing circle, where 
a denot€!S half an angle of the pQlygon. (8. ^ A. Hons, Theor. 
Machi. Exam., 1BS5.) 

~ to first part, see Paralldogram of 

. represent the sides of a regular 
poiygoHj whose centre is 0. When 
the particle arnves at its direc- 
tion of moUon is suddenly changed 
from A B to B 0, while the niagni- 
tnde of the velocity remains un- 
altered. To find the magnitude and 
direction of the velocity which must 
have been imparted to the ]>article 
at the point, B, we maj proceed as 
follows : — - 

Produce A and set off B H, 
to represent the velocity ^ i^, of the 
j^articlc along A and B K iilong 
B 0, to represeot the velocity in that direction. Then H K 
riijirowotitM in magnitude and direction the chttnge of velocity 
whi*!h tnuwt liavc been imparted to the particle at the pointj B, 
Tin* iiiiigratude of this velocitry can be found from the triangle^ 
B U or equation {XV). 

For, V« - u« + ^ 3 t?s COS (ISO' - 2 a) = 2 (1 + cos 2 a) 

= 4 coi^ a. [Since 1 + cos 2 a = 2 Coa^ ou] 

V = 3 i; cos a. 

Join B to O, the centre of the polygon, and we get : — 
In triangle B 11 K ; 

Exteiior ^ABG= ^BHK + ^BKIL 

But, ^BHK= ^BKH, 

,\ ^BHKor^BKH = ^ ^ABC - 

H K is parallel to B O, since B O bisects ^ A B C. 

Therefore, the velocity impreBsed on the particle at B is directed 
iloH B Of towards the centric 

ElAMFtK III. — Find, at any instant, the magnitude and direo- 
oC the v-elocity of a point on the rim of a wheel which yolla 
I a wmd with a constant speed, t?. 
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AvswEB. — Take any pointy P, on the rim of the wheel, and let 
the radius, drawn through P, make an angle, ^, with the vertical 
radios, A. 

Then, since the centre of the wheel is moving with velocity, Vy 

it follows that the tangential velo- 

citj of any point on the rim is 

also V. This is, however, but one 

of the components of the actual 

velocity of P. The actual velocity 

of P is the resultant of two velo- 
cities — ^viz., V, along the tangent 
at P, and v, horizontally, since the 
point, P, in addition to moving 
round O, as a centre, is also being 
carried in a horizontal direction 
along with the wheel as a whole. 
By completing the parallelogram 
of velocities, as shown, the result- 
ant velocity, V, can be found. 
The angle between the component 
velocities is 180" - 6, Hence, from 
equation (XV) : — 




Velocity of a Point on 
▲ Rolling Wheel. 



y2 = ^ + ^ + 2 v^cos (180' - 
„ = 2t?2 {1 + cos(180' - 6)} = 4 v2sin2^. 



V = 2i;sin; 



(1) 



Next, as to the direction of the resultant velocity, V. 
Since P R bisects the angle between P T and P H, 



But, 

In the A A P H, 



^RPH = 90' - ^. 

^OAP = J^POH » 90" - 

^RPH = ^OAP. 
: O A P = complement of 
:RPH = 

: R P A is a right angle. 



2* 
APH. 



Hence, the direction of motion of P is perpendicular to the line 
joining P with A, the point of the wheel which is in contact with 
the ground. 




The poiut, Aj h called the Instant aneous Centre of motioti for 
all points on the rim of the wheel ; because any ]>oint, such aB P, 
is moving at any instant on the circumference of a circle having A 
for its centre and A P as its radius. 

The direction of the actual motion of any pointj P, is, at any 

instant, inclined to the horizontal at an angle equal to 00" ~ ^ ► 

EzAMPLB lY. — In the previous example find the magnitude and 
direction of the actual velocity of the pointy P, when the radius, 
O P, makes angles of O*", 90% 180°, and 270* with the vertical 
radius, A. Also, find the position of P when the resultant 
velocity, is equal to t% 

Akswek. — (1) When & = 0'. From equation (1), Example 111., 
we get L — 

V = 3 t? sin ^ — 0, aince bid 0" = 0. 
ue.n ttie point is at rest when it is in contact with the ground A* 

2 

2 



(2) When & = 90^ Here sin ^^ = sin 45" = 



AlaOj Direction which 1 a 

Y makes with I = 90° - ^ - 46^ 
the homoa ) 

(3) When & - ISO*, sin ^ - sin 90' = h 



V=2t?Hin^r-2t?xl=2z;* 

4 



Andj Dkection which) j 

V makes witii I - 90^ - ^ - 0". 
the horizon ) 

That is, when P is vertically over O, it is moving horizontallj 
with a velocity equal to twice the speed of the wheel, 

(4) When S = 270". dn| - sin 135* = 

And, The incliiiation ) 

of V to the V - 90- - ^ - 45% 
hoiizon j 
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(5) To find § when V = 

Here, V = 2 1? sin-jr. 

• ^ V 1 
^2 = 2i; = *- 

I = 30', or 150', 

6 = 60^ or 300^ 

These agree with the two positions of P when the chord, A 
equal to the radius, O A. 
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Lectueb XX.— QuEsnoNg. 

1, Define the terms velocity and acceleration, and explain how these 
measured— (1) when uniform ; (2) when variable. Give examplca of bodi 
having accelerations — (a) constant in magnitude and direction ; {b) constant 
in niELgtiitude but not In dir^tion ; (c) constant in direation hut not in 
magnitude ; (d) variable both in magnitude and direction. 

2, When the veloeity of a particle ia uniformly accelerated, show that 
J ^ i fi f-, A particle moves from a state of rest under the action of a foree 
which increases its velocity by 20 feet per second in every aecond of its 
motion. After four seconds the force ceases to act on it. What distance 
does it deaeribe in the first six seconds of its motion ? (S. & A. Adv. Theor. 
Mechs. Exam., ISSO,) Ans. :i'20 feet, 

3, Elstabliah the formuLje for uniform acceleration in the direction of 
motion : — ^ + t ; g =^ vi t + I at'^ and from these results deduce the 
formula — vl — ^' 2 a s» Find an expression for the distance described in 
the nth. second. 

4» A cage is ascending the shaft of a mine at a uniform rate of 10 feet per 
second. When it ia 50 feet from the top the speed is diminished, so that it 
now mov^ with a nnifcrnily retarded velocity, and finally comes to rest at 
the top* Find the retardation, Ans^ 1 foot per second, 

5. State the rule for the composition of two velocities. Draw tw^o lines, 
AB, AC, containing an acute angle. A particle la at A moving with 
fii given velocity, from A towards 15, Give a construction for deter- 
mining the velocity that miJst bo impressed on it, to make it move with a 
velocity, 2 V, from A towards C. (S. & A, Adv, Theor. Mechs. Exam,, 1894^ ) 

6, A particle describes the perimeter of a regular hexagon with a con- 
fitant velocity of 100 feet a second. Find the magnitude and direction o( 
the velocity that must be communicated to it, at the instant it reaches an 
angular point, {S. 4; A. Adv. Theor. Mechs, Exam,, I8S9,) Am. 100 feet 
per second towards centre of beiagon. 

7. Two bodies start together from rest, and move in directions at right 
*nglea to each other. One moves with a uniform velocity of 3 feet per 
second, while the motion of the other is unifomdy accelemted. At the end 
-of four seconds the bodies are found to be 20 feet apart. Determine the 
acceleration of the latter body^ Ans, 2 feet per second. 

8. Two bodies, P and Q, move with different velocities along the eame 
line. What is the relative velocity of Q to F ? If Q is allowed to fall 
freely, and two seconds after V is allowed to fall freely from the same 
point, find the relative velocity of Q to P at any subsequent time. {S^ 4; A. 
Adv. Theor. MechB. Eiam,, 1893,) ^tia. 64'4 feet per second, 

9, Define angular velocity. F is a polet of a body turning uniformly 
round a fixed axis^ and F l5" is a line drawn from P at right angles to the 
axia. If P N describes an angle of 375"" in three seconds, what is the 
angular velocity of the body ? and if P N is 6 feet long, what is the linear 
velocity of P? (S. & A. Adv. Theor. Mecbs. Exam., 1892.) Am. (l> 
07 radians per aecond % (2) 4'2 ir feet per second, 

10, A point is describing a circle of radius 21 feet, with a uniform velocity 
of 12 feet per second. Find the change in its velocity after it has described 
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one-sixth of a whole circumference. Ans. 12 feet per secona, at 120^ with 
first directiou. 

11. Awheel, whose diameter is 5 feet, turns forty times a minute ; find 
its angular velocity and the linear velocity of a point on its circumference. 
If the centre of the wheel moves in a straight line with a velocity of 
20 miles an hour ; what are the velocities, relative to a very distant nxed 
point in the straight line, of the ends of the diameter which is at any 
instant vertical? (S. & A. Adv. Theor. Mechs. Exam., 1884.) Ans. (1) 

« = -—radians per second ; (2) 10*5 feet per second; (3) upper end = 40 

miles per hour ; lower end = zero. 

12. What is the numerical value of the auffular velocity of a body which 
turns nniformly round a fixed axis twenty-mre times a minute ? A B C is 
a triangle right angled at C. It is turning with a given angular velocity, 
«, round an axis through A, at right angles to its plane. Find the 
magnitude and direction of the velocities of B and C ; and also the relative 
velocity of B to C. (S. & A. Adv. Theor. Mechs. Exam., 1892.) Ans. 

radians per second. 

13. A train descending a gradient increases its speed from 40 to 49 miles 
per hour in four and a- half minutes. Find the mean acceleration. Taking 
the acceleration due to gravity at 32 in feet and seconds, determine the 
gradient. Ans. (1) 0'049 foot per second per second, or 120 miles per hour 
per hour ; (2) 1 in 654. 

14. Given the base, 6, of a smooth inclined plane, find its height, A, so 
that the horizontal component of the velocity of a body at the foot of the 
plane shall be a maximum. Ans. h = b. 

15. Define the hodograph, and prove that the acceleration of a point's 
motion is equal to the velocity with which the hodograph is traced out. 
Determine, by means of the hodograph, the acceleration of a body which 
moves with imiform velocity in a circle. 

16. Define the angular velocity of a moving point with respect to a fixed 
point. Under what circumstances will the angular velocity of the moving 
point be equal to its linear velocity divided by its distance ? Draw an 

Soilateral triangle ABC, having each side 12 feet long ; a point moves 
mg B C with a velocity of 10 feet a second ; when it is at C, what is its 
angular velocity with respect to A? (S. & A. Adv. Theor. Mechs. Exam., 
1896.) 

17. Two circles touch each other externally, and the point of contact 
(A) is in the same vertical line as the centres ; from any point (P) of the 
upper circumference draw a straight line P A Q to meet the lower circum- 
ference in Q ; if a particle is allowed to fall from P along P Q, show that 
the time it takes to reach Q is constant for all positions of P. Also compare 
the times in which P A and A Q are described. (S. & A. Adv. Theor. Mechs. 
Exam., 1896.) 
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LECTURE XXt 

CoKTKNTa.— Quantity of Motion — Defimtion of MomeDtnm — Example L— ^ 
Newton's Laws of Motion— Examples II. nntl in. - Motion on a Double 
Inclined Plane —Exam plea IV. and V.— Energy — Definition of Energy 
— DefinitionB of Potential and Kinetic Energy — Expreasion for Kinetic 
Energy — Energy Equations — ExampLea V"I,, VII. j and VII L — 
Qneatiooa. 

Quantity of Motion. — la the preceding Lecture we tare contioed 
our iittentioii chiefly to cases of pure motion — -tliat la, motion con- 
side i-ed apnrt from mass and force. In. this Lecture we shall 
treat of the motion of bodies aa produced by the action of external 
forces, and establish the relations between the quantity/ of motion 
thus produced and the magnitude of the foraes producing it, 
Qaantity of motion ia measured by the product of the mass and 
its velocity. Tiie term Momentum iss used instead of Quafitity of 
motion^ and hence we get the following :~ 

Definition, — The momentum of a moviiig body is the prod 
of its mass and velocity. 

Thus, let m be the mass, and u the velocity of a liody : — 

Then, Momentum mv. 

Example L — Of two steam Immmei-Sj one weighs 5 tons and 
the other 10 tons, The former has a drop of 10 feet and the 
latter 6 feet. Compare their momenta nt the end of their respec- 
tive strokes, 

Ansiveh.— In order to find their velocities at the moment of 
impact, we may employ formula (YIj) of Lecture XX. 

for the first liammerj = x 32 x 10 = 8 v^To fl. per aec. 
And, for the second | — so — q r& 
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Momentum oi \ 

. first hammer I _ m^^Vj^ _ 5 x 8^10 _ mJS _ 1 

" Momentum of ( m^v^ ~ 10x8>v/6 ~ 2^ " FsS' 
second hammer; 

Newton's Laws of Motion. — The three fundamental laws of 
Dynamics, called Laws of Motion, were first clearly set forth by- 
Newton, and may be stated as follows : — 

Law I. {Law of Inertia), — Every hody continues in a state of 
rest, or of uniform motion in a straight Hne, except in so far as it 
may be compelled to change that state by external force acting 
on it 

Law II. (Law of Force and Motion), — Bate of change of 
momentum is proportional to the force which causes it, and takes 
place in the direction of the force. 

Law III. (Law of Stress), — ¥^en two bodies mutually act 
upon each other, the momenta developed in the same time are 
eqnal but opposite in direction. 

Or, To every action there is an equal and opposite reaction. 

Law L — This Law asserts that matter is indifferent to motion. 
It, has no innate tendency to start into motion when at rest, 
nor to change its motion, either in magnitude or in direction, 
when once it is made to move. Hence, a body at rest or in 
motion, and unacted upon by force, will continue to remain at 
rest, or to move on in a straight line with uniform motion. 
Should any change take place in its motion, then we immediately 
infer that the body has been acted upon by some external force. 
This tendency of matter to resist change in its state of rest or 
of nniform motion in a straight line is called Inertia, and the 
first Law is often spoken of as the Law of Inertia. 

Law II — The first Law asserts that change of momentum is 
caused by the action of force, and the second Law gives us a 
means of measuring this force, viz., that the force is proportional 
to the rate of change of momentum. 

Let F = Force producing change of momentum. 

„ m = Mass of body. 

„ ^2 = Initial and final velocities of body. 
„ ^ = Time during which F acts. 

Then, Change of momentum = m (t?2 - v-^). 

And, Eate of cJiange of ) ^ ^('^2 " '^■i) ^ 

momentum J t ' 
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By the Secojid Law of Motion^ we get :^ — 



Or, 



p = \ ^ J:i X conHtant. 



It now remains to establish the exact relation between thos 
quajititia'3* If we accept the definition of Unit Force given oE 
page 2, Lecture I., Vol, I,, as being that force whiehf acting foi 
unit tirne on unit jjiasB^ prodtices i^nU change of velocity ^ we find 
the nunierical value of the coiutmit in the above equation to " 




But we have shown in Lecture XX, that : — 



where a denotes the acceleration produced when the motion lAj 
uniformly accelerated, 

T = ma. 

The above definition ia tliat of the Absolute Unit of Force j| 
und, therefore, the force, F, m given bjr thcae equations, is ex- 
preasetl in absolute unita. Engineers, however^ prefer measuring ] 
their forcea hy the weights wliich they are capable of supporting, . 
and the above equations may be modified to suit these units. 
Let P, be the statical measures of the forcea required to] 
produce accelerations, a, a^, on a given masSj m; then by Law] 
IL, we get ; — 

If one of these forces be that due to gravity, viz., the weight 
to, of a body, then the aceleration is and we get : — 



Or, 



F = 



ura 
9 



This equation exj>resses the force, P, in the same unita as wA 
and if w be stated in poutids v^eight that will be in what waj 
have previously called gravitation units. 



nbwton's laws of motion. 
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Law HI. — This Law asserts that when two bodies mutoallj 
act upon each other, the momenta generated in each are equal, 
hut in opposite directions. Thus, when a shot is fired from a 
gun, the force of the explosion produces momentum in the gun 
equal in amount to that of the shot, and causes the recoil. We 
shall, however, see later on that the other effects produced in 
the gun and the shot are not numerically equal. In the case of 
mutual action between two bodies incapable of relative motion, 
the Law asserts that they act and react on each other with 
ec^ual forces. Thus, a weight lies on a table, and presses on it 
with a certain force ; then the table reacts on the weight with 
in equal and opposite force, so that every action is accompanied 
by an equal and opposite reaction. 

The truth of this Law has been assumed throughout the whole 
of the preceding parts of this treatise — viz., that the effort 
«xerted between two bodies is always equal to the resistance 
overcome. The two equal and opposite forces caused by the 
mntnal action between two bodies are together spoken of as a 
Stress, and for this reason the above Law is sometimes called 
the Law of Stress, The subject of internal stress will be discussed 
in another part of this work. 
We shall now apply the preceding results to some examples. 

Example IL — A 40-lb. shot is fired from a 5-ton gun with an 
initial velocity of 1,500 feet per second. Find the velocity of 
the gnu's recoil, and the mean force of the explosion, supposing 
the gnn to be 10 feet long. 

Arsweb. — ^Let W, ti? = Weight of gun and sHot respectively. 

„ V, V = Velocity „ „ 

(1) By the Third Law :— 

Momentum of gun = mxymentum of shot, 

WV = tl7V 

ie., 5 X 2240 x V = 40 x 1500, 

40 X 1500 ^5.36 ft. per sec, 
^ 5 X 2240 o Doi*. 

(2) In order to find the mean effort exerted during the 
^plosion of the powder, we must first determine the accelera- 
tion of the shot along the muzzle of the gun. Since the gun 
i> 10 feet long, and the velocity of the i^ot as it leaves the 

3 
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Kn is 1,500 ft. per second, we get, from the formula (VI«), 
cture XX. : — 

t>« - 2 a «, 

/. 1500« - 2 X a X 10, 

a - = 112,500 ft. per second per second. 

But, P - - X a, 
9 

P - 5^ X 112,500 = 140,625 lbs. 

Example III. — A railway train, exolusiye of engine, weighs 
200 tons, and moves on a level line. In 10 minutes its speed is 
inoreased from 10 miles per hour to 40 miles per hour. Deter- 
mine the mean pull between the engine and train, the frictional 
resistanoes Iming tak(!n at 10 lbs. per ton. 

Anhwku. — The pull between the engine and train consists of 
two j)arts ; (I) the force required to accelerate the train, and (2) 
the rorce rcxjuired to overcome the frictional resistances. 

(1) Lot Pj " Force required to accelerate t^e train, 
Then, P,.!^=il(^!^). 

44 

But, -1 10 miles per hour = ft. per second. 

Ai^ 

Vj = 40 „ = „ 

And, ^ 10 minutes = 600 seconds. 

200 X 2240 X - *i) 
••• 32 X 600 = ^""^ 

(2) The resistance of friction being 10 lbs. per ton, 

The total frictional resistance = Pg = 200 x 10 = 2000 lbs. 

Mean pull between 1 = Pi + P2 = 1026-6 + 2000 
engine and train j = 3026*6 lbs. 
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Motion on a Double Inclined Plane.— -Let A £ C, D £ 0, be the 
two planes placed back to back, and let W^, be the ascending, 
and Wg, the descending load, these loads being connected by a 
weightless rope passing over a frictionless and weightless pulley 
at B. We require to determine the motion — i.e., the accelercUion 
of the bodies, and the tension in the connecting rope. 

liOt = Inclinations of planes A£0, D£C respectively. 

J J M'lj 1^2 — Coefficients of friction between W^, Wg, and their 
respective planes. 

„ Fj^, = Frictional resistances in the two cases. 

„ P^, Pg = Effective forces acting on W^, Wg respectively 
in causing motion. 

„ Q = Tension in connecting rope. 

„ a = Acceleration due to effective forces P^, Pg. 

Then, the effective force causing the upward motion of Wj, 
is : — 

= Q - Wi sin oi - Fi. 




Double Inclined Plane. 



Similarly, the effective force in causing the downward motion 
of W«, is : — 





Pg = Wgsinag - Q - Fg. 




But, 


F;i = COS o^. 




And, 


= ^2 ^2 COS ag. 




• • 


P^ = Q - (sin + cos a^), . . 


• . (1) 


And, 




• • (2) 


Again, 


P, = ^^a 

9 


• • (3) 


And, 


P. = ^^« 


• • (4) 
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To dettrmine the aeederation, a : — 
From, (1) + (2), 

Pj + P, »■ 'W2(8maj - /itjcosa,) - W|(sin«4 + fi^coeet^) 
From, (3) + (4), 

P.^P,-^?>Z«xa. 
9 

W + W 

— ^ 9 — ^ X « - W2(Bina2-/irjC08a2) - Wi(8inc4 + /tt,coeotj), 

To d$Urmine the tension in the rape : — 

Equation (1) ^ (2). |l - Q- W,(«in«. ^;.,coea,) 

Wg (sin ftj - /Dtj COB ttj) - Q Wj' 
,'. (Wj + Wj)Q = Wj W2(8inai + /ct^coBai + 8ina2 - A^a^^sag) 

Q ^ W^W2(sinai + Sin«2 + At^COSaj - /tgCOSa^) ^jjj^ 

We ihall ihow how theBe formulee are modified to suit some 
particular caseB, but the student should try to prove each 
particular case independently of the general case just de- 
monstrated. 

Oabb I. — Suppose the planes to be equally inclined to the 
horizon, and equally rough, so that = = ^> fh 
— fi ; then, from equation (II) : — 

Wg (sin a - [I cos a) - (sin a + [i cos a) 
. ^ _ (Wg - W,)8in « - /^(W^ + W,)C08 a 

From equation (III), 

2W,W2 8ina ^ 

W,4-'Wg ™ 
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Case II. — Let the planes be equally inclined, and smooth ; so 
that = = a> fju^ = /i^ = Q-^ then, from equation (II) : — 



_ sin a - Wj sin a 



-9f 



(Wg - W,) sin a . 
And from equation (III), 

«=^^r^' 

Equations (Illa) and (Hit) show that the degree of rough- 
ness of the planes does not affect the tension in the rope, when, 
the planes are equally inclined to the horizon. 

Case III. — Let the plane, AB, be horizontal, and fi^ = /i^. 
= fLy and suppose Wg by falling vertically to drag Wj along 
AB. In this case a. = 0, and = 90° ; then, from equation 
(II):- 

W, (sin 90° - ft cos 90°) - (sin + /t cos ) 
a Wj + W2 

W« - /TT V 

And from equation (III), 



Case IV. — In the previous case, let the horizontal plane be 
smooth, so that, fi = 0: — 

Then, a = w^TV/ ^"''^ 

« = l^w- 

Case V. — Suppose the weights to be suspended over the 
Inctionless and weightless pulley B, and the parts of the rope 
to hang vertically. 
^ In this case, = ag > = = ^ ^ then : — 



From equation (II), 



From equation (III), 



Q = 



w, + w.. 



(HI.) 



These last equations are of great importance to the student of 
Timor eticid Mechanics^ because they enable him, by means of aa 
Atwood*s maohinei, to determine the value of ^, at the place 
where the e:sperimeot is conducted. 

KxAMFLB IV, — A cage weighing 1 tou is being raised from a 
mine with an acceleration of 10 feet per second. Eind the 
tension in the rope. If a miners whose weight h 150 Iba,, is 
raised with the cage, find the pressure between him and the 
cage. Again, if the cage be lowered with the same acceleration, 
what would then be the tension in the rope, and the pressure 
between the man and cage 1 

Answer. — (1) To find tension in rope during mcmtf ofcage^ 

Let W ^ Weight of cage = 1 ton = 2,240 Iba. 
w = Weight of man = 150 lbs. 
„ Q = Tension of rope in lbs. 

„ a ^ Acceleration of cage = 10 ft, per sec. per sec. 

Then, neglecting the weight of the rope, and in the meantime 
that of the man, we get ; — 

Efftctim pttU earning motion = P ^ Q - 

W 

But, by the Second Law of Motion^ P = — cs. 

9 

W 

Q - W - — et. 

9 



Hence^ 



Q = W(1.J) 



Thsit is, the tension in the rope is greater than the weight 
raised by 700 
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If the weight of the miner be taken into account, we must 
increase W, by 150, and then we get : — 

Q = 3136-9 lbs. 

(2) To find the presau/re between man and cage. 

Premre hettoeen man 1 f Weight of mum + Force reqwred 
cmd cage J i ^ accelerate hie upwa/rd motion 

w 

„ „ = tc; +— 

= 150 + ^ X 10 = 196'9 lbs. 

Under these circumstances he will feel heavier by 46*9 lbs. 

(3) To find tension in rope during descent of cage. 

In this case, we get : — 

Effective puU eaMsing\ _ p _ w _ o 
mxAion j - x- _ w v^, 

And, P = — X a, 



W 

W - Q =— X a. 



9 
W 
9 



Q.w(l-f) 

Q = 2,240 X ^1 - ~) = 1,540 lbs. 



That is, the tension in the rope is less than the weight of the 
cage by 700 lbs. 

Similarly, it can be shown that the pressure between the 
man and the floor of the cage during descent, is 103*1 lbs.; 
or, 46-9 lbs. less than his real weight. 

Example V. — In a double inclined plane, having a rise of 
1 in 20, the loaded and empty trucks run on parallel lines of 
rails, the connection being made by means of two ropes passing 
round drums at the summit of the plane. Five loaded trucks 
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when descending pull up au equal number of empty on 
Each empty truck weighs 5 cwts,, and when loaded carri 
20 cwts. of material. The diameter of the drums at the top 
the incline is 8 feet, and on the same shaft is fitted a bra 
pulley 6 feet in diameter. The length of the inclined plane is 
1 mile* Taking the coefficient of friction between the trucks 
and the rails at 20 lbs* per ton, but neglecting other frictional 
reaiBtances ; determine (1) the acceleration of the trucks and 
their speed at the end of one minute after atarting; (2) the 
tension in the ropes during the free motion of the whole ; and 
(3) the constant frictional resistance which must be exerted 
at the rim of the brake pulley, during the last three-eightli?^ of 
the run, in order to just bring the whole to rest at the end of 
the journey. 

Aksweb.^ — Using the same letters as in the text. 

Let Wj - Total weight of five empty trucks = 25 cwts» 
„ - „ loaded „ = 125 „ 

„ P-j = Efiectiye force causing motion of Wj^. 

P — W 
,j Q = Tension in ropes, 
„ a - Inclination of the plane, 

„ fif = Coefficient of friction - 20 lbs. per ton = ^j^* 
I 

Then, sin ^ ~ since a ia small we may assume 

eoB « = 1- 

(1) To find lfi£ accderation of the trucks. 

The effective pull causing the motion of the empty trucks, 
is : — 

- Q - Wj (sin a -t- cos a), 

••• ^> = <5-2K2Vn-2^ = ^^ • ■ (I) 

The efiTective pull causing the motion of the loaded trucks, 
k: — 

Pjj = (sin a - cos a) - Q, 



125 



(^-j^x l).-Q = fg-Qcwt,. . (2) 
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Again, by Second Law of Motion, -we get : — 

Pj = — * ^ « = 5o ^ a cwt (3) 

P2 = — - X a = X a cwt. ... (4) 
n\ . /o\ -D 575 165 205 , 

-D . T> /25 125\ 150 . 

(3) + (4), 1*1 + = (32 12) * ' 32 

160 205 
32"«=56 

a = 0*78 ft. per sec. per sec. 

That is, the trucks move with an acceleration of 0"78 foot per 
second per second. 
At the end of one minute from starting the speed would 

be;— 

(; = a f = -78 X 60 = 46-8 ft. per sec. 

Or, at the end of one minute they would be moving with a 
speed somewhat greater than 30 miles per hour. 

(2) To find tension in the ropes. 

Since we have assumed that the machinery at the top of 
the incline offers no resistance to the motion, it is evident 
that the tension in each rope will be the same. Hence : — 



(1) - (2), 



(3) ^ (4), 



?! 



2 112 

112 ^ 
W 



1 _ 



25 
125 



112 Q - 165 
575 - 112 Q" 

1 
5' 



1 

5 " 
Q = 



112 Q - 165 
575 - 112 Q* 

1400 



672 



= 2-08 cwt. 



{3) To find the frictioThal resistance at the rim of the brake pulley 
in order to bring the trucks to rest at the end of the run. 

Here we have first to obtain the speed of the trucks at the 
inBtaot wLeu the brake is applied, and then find the retardation 
or negative a^eleration necessary to bring the trucks to rest at 
the desired place. 

The velocity % of the trucks at the instant when the brake 
is applied is given by the formula : — 

tP' - v1 = 2as. 

Where = Initial velocity ^ in this case. 

,j a = Acceleration just found = 0*78 ffc, per sec, per 
,j s " Distance traversed — | mile. 

The acceleration during the application of the brake may be 
found by the same formula. In thia case, however, the initial 
velocity is i\ and the fiQai veloiiity is zero. 

Let = Acceleration of the trucks during the application of 
the brake. 

„ «i = Distance traversed = § mile. 
Then, before the brakes are applied ; — 

v'^ - 0^ = 2as 
Or, = 2as, 

And after the brakes have been applied : — 

02 - = 2 ff^, 

Or, = - 2 s^, 

as '78 X 5 , ft « 
= - ' = - — J — ^ = - 1*3 ft. per sec, per sec. 
^1 t 



(4) To determine the tensions in the two ropes. 

These will not 11 a w be equal as when the motion wa^ free. 
The tension in the rope coming on to the drum will be much 
less than before, whilst that on the other rope will be greater. 

Let Qj, Qg ^ Tensions in the ropes attached to the empty 
and loaded trucks respectively. 
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Then the effective pull P^, causing the motion of the ascending 
trucks is as before : — 

Pj = Qj - Wj (sin a + /ft COS a) 

But, P, = ^ 

9 

Qi = Wj I sin a + /a cos a + ^ j- 

" =^^^^cwt. = 51-25 lbs. 

Similarly, the tension Qg, in the rope attached to the loaded 
trucks is, 

Qg = Wg sin a - fL cos " j" 

125 X 91-5 , ,,^oHc 11. 
„ = ii20~" = 1143-75 lbs. 

The difference in the tensions in the two ropes is caused by 
the resistance offered by the brake. Hence, the resultant couple 
due to this difference in the tension must be balanced by the 
couple at the brake wheel. 

Let F = Frictional resistance at the rim of the brake wheel. 
„ R = "Radius of the drums = 4 ft. 
„ r — Radius of brake wheel = 3 f t. 

Then, F X r = (Q2 - Qi) X R, 

F X 3 = (1143-75 - 51-25) x 4, 

P = 1456-7 lbs. 

Energy. — ^If we raise a body of W lbs. weight through a 
vertical height of h feet from some given datum level, we 
confer upon that body the capability of doing work equal to 
W h fb.-lb8. For^ in raising the body we expend W h ft. -lbs. 
of work, and if it be allowed to return to its original level it 
▼ill give out an equal amount of work. 
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Azafn, we Iiare feen disc it » bodr be in motioa and its 
ipeeu rMuaM. some abrce omac have acced upoa it in bringing 
aJbom tJuB duLn^ *3C sCASe. Farther, this lestsdng force most 
hare been overcome tkrooxa. some dbmibee, azid, therefore, work 
is expendiiiL TIitzs. a bodj ia. modoa is capable of <i(Hiig work, 
the measoze «>f whiArh b the work done ^gflrtniit a reaistiiig force 
or forxxa in brxn-jiTi-^ the body to rest 

This capability of doinx ^«^>rk which a bodgr xwnnciniifiii in 
Tirtae of its position or condition fii caEed SlKlgf. Henoe^ we 
hare the following : — 

DKFi^iTT03r.~T]ie owrgj of a bodj is its cipthiBty of ddng 
work in Tirtiie of its PosxtkiOL Cofwtttion, or Motioa. 

It is nsnal to distinguish between that Ibrm of energy dae 
to the position or state oi a body, and that dae to its motion. 
To the former the term Potestiai ii applied, and to the hitter 
KmetieL This distinction may be stated in the form of s 
definition. 

DEFI9ITI05S.— Potential Sner^y is that form of energy which 
a body possesses in viitne of its Position or Condition. 

Cnetic Energy is that form of energy w^dA a body possesses 
in virtue of its Motion. 

Thus, a raised weight, such as the weight of a clock, or the 
monkey of a pile-driving engine, has potential energy in virtue 
of its position. In the first case the slowly falling weight gives 
up its stored energy to the mechanism of the clock in overcom- 
ing inctional resistances, and thas keeps the clock going, the 
pendnlom beiiu| simply a regulator or governor. In the second 
case, the mowey is allowed to fall freely and its energy is 
employed in forcing the pile into the ground at the instant of 
^e blow. Similarly, the water in a mill dam possesses potential 
energy due to its position relatively to the water wheeL Again, 
a stretched helical spring, or coiled spiral spring such as is used 
in watches and clocks, possesses potential energy due to its 
stretched condition. A lump of coal, or gunpowder, has potential 
energy in virtue of its chemical condition; a magnet has potential 
energy in virtue of its magnetic condition ; and the steam in a 
boiler has potential energy in virtue of its heat condition^ and 
so on. 

When the monkey of the pile driver is at the top of its stroke 
its energy is entirely in the potential form. When it is descend- 
ing it is evident that its potential energy is rapidly decreasing 
whilst its kinetic energy is increasing. 
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Neglecting frictional and other resistances, the Principle of 
the Conservation of Energy (see Lecture IV., Vol. I.) asserts 
that— 

The Loss of Potential Energy = The Gain of Kinetic Energy. 

Consequently, at the instant when the monkey strikes the 
head of the pile, the energy of the monkey is wholly Kinetic. 
The work done in driving the pile into the ground is immediately 
deriyed from the kinetic energy of the fsilling weight, but the 
whole of this energy is not thus employed, for the faces of the 
pile and monkey have been heated by the blow. This shows 
that part of the energy stored in the falling weight has been 
transformed into heat energy. Further, at the instant of strik- 
ing, a loud noise is heard, which shows that there is also a 
transformation into sound energy. Thus, energy appears under 
many different forms, such as mechanical, electrical, chemical, 
heat, light, sound, <bc., and can, by suitable arrangements, be 
changed from one kind into any of the others. In nature' all 
is change or transformation, but there is no annihilation ; so 
what appears as a loss to the engineer simply means change into 
some other form which he does not desire, but which he has no 
power to entirely credent. 

Egression for %netic Energy.— We have already seen, that 
the expression for mechanical potential energy is : — 

Potential Energy = Ep = W A 

Where, W = Weight of body. 

And, h = Height of body above zero level. 

It now remains to determine the expression for kinetic 



First, take the case of the raised weight whose potential 
energy in its highest position is WA, and suppose it to fall 
freely. Its kinetic energy at the instant when it strikes the 
ground is : — 

Ek = W A. 

fint^ if 17 = velocity at that instant, we have : — 
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Tliiis, if the moakej of the pile driver weigh 10 cwts. 
reaches the pi]e with a velocity of 40 feet per secoudj it has 
kinetic energy : — 

_ 10 X 112 X 40* ooAnn«. iw 

Ek = 9 ^ Z2 " 28,000 ft,-lbs. 



If the pile be driven 3 inches into the ground at each blow, 
what is the mean resiBtance offered to its motion, supposiing 
there are no loaaes from heatingj 4c, ? 

Let K^n, = Mean resistance of ground in lbs, 
„ = Distance m feet through which the pile is drive 



laa 

I 



Then, 



But, 



Work done in driv 
ing the pile 

Work given out by 



= < Work giveti out by monkey, 

^iftetic energy at instant of 
striking the pile + Work 
done in /ailing through B'^, 



H 



2g 



+ W 



28,000 + 10 X 112 X 



3 

12' 



Em ^ 113,120 ibs, ^ 50*5 tons. 

Energy Eqnations.^ — The expression for the kinetic energy 
given in equation (IV) i^ perfectly genernal, and therefore in- 
dependent of the manner in which the velocity^ v, is acquired. 
That la to say, if a body of weighty W, be moving with a velocity, 
tj, in any direction whatever, its kinetic energy is still given by 
the equation ; — 

For, manifestly, the direction of motion cannot in any way 
affeot its energy state, other things being equal* Nevertheless, 
we can deduce the expression from more general considerations 
as follows : — 

Let a body of weight, W, have its velocity changed in magni- 
tnde from t?^ to ^2 ^7 ^ constant force acting through & 
distance Then — 

Change of body^B kinetic \ ^ f Work dom by or against 
energy J \ tf^e force 
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And, Work done by or onT = T x 

Wa ' 

But, hj eqation (I), P = 

And, hj equation (VI), Lecture XX., 



8 = 



2a 



P X s = — ^= change Of Ek.(V> 

If the body start firom rest, and have a final velocity, v, we 
get:- 

Change of Ek = — = Total Ek in body, 

▼hich is just the same result as that given by equation (IV). 

Next, take the case of a body moving with uniform velocity, 
V, against some constant resistance, F, which resistance may be 
Mctional or otherwise. To maintain this constant speed a force 
equal to F must act on the body in opposition to the resist- 
ance; but no part of this force is employed in changing the 
kinetic energy of the body, since, by supposition, no change 
occurs in its velocity. The kinetic energy of the body is con- 

stantly = — — , and the Work done against resistances = F s. 

If, now, some other force, P, acts on the body in the direction 
of motion, the velocity will change, and, therefore, the energy of 
the body will also change. 

Let Q = Besultant force acting on body = P F. 
„ = Velocities of body before and after action of P. 
„ 8 = Distance through which body moves under P. 

Then, Q X s = P X s + ^^^i' " "^'^ . . . (VI) 

^9 

This is a very general equation of energy, and is sometimes 
stated thus : — 

Energy exerted = Work done + Change in Kinetic Energy. 

Example VI. — The hei^t and length of an inclined plane 
are 20 feet and 100 feet respectively : a body weighing 100 lbs. 
is placed at the top of the plane and allowed to slide along its 
whole length j the coefficient of friction between the plane and 
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the body li 0^15 ; how rDany units of work (foot-pounds) aj*fi 
accumulated in the body, and what is its velocity when it 
reachea tha foot of the plaoe? (Yon may assume the pressure 
on the plane equal to the weight of the body)* {S* & A. Adv* 
Exam.) 

Answee- — ^Let F = Resultant force urging body down the 
plane. 

Then, F = W ain a — ^ R = W sin a — W, very approximately, 

■20 



IbB. 



When body reaches the foot of the plane, we have : — 
= F X ^ = 5 X 100 - 500 a-lbs. 
Telocity at foot of plane* 



Then, 



Let ^ 

100 X ^ 
2 X 32 



= Em 



= 500, 



17-9 ft. per sec. 




Diagram IiiLtrsTBATrNG Exahplk VI, 

The kinetic energy at the foot of the plane could be obtained 
immediately from equation (VI), thua : — 



20 

Energy exerted sin a x ^ = 100 x y— x 100 = 2000 ft A 
Work done W ^ = 15 x 100 x 100 = 1500 ft.-lbs. 



Change in —Energy a^fooi of plane ^ 
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Eoergy exerted = Work done + Change in Ex. 



2000=1500 + 



. £k at foot 
plane 

also. 



.-4 



^9 



= 500 ft..lbs. 



'500 X 2 X 32 



100 



= 17-9 ft. per sec. 



Example VII. — Show by a diagram the amount of work done 
in slowly compressing a spiral spring through 6 inches, supposing 
the spring to shorten 1 inch for every 100 lbs. pressure. If a 
weight of 100 lbs. falls from a height of 4 feet on the top of the 
spring, how much will it be compressed 1 (S. & A. Adv. Exam., 
1892.) 

Answsb. — As explained in Lecture II., Vol. I., the diagram 
of work done in slowly compressing a spiral spring, is a right 
angled triangle whose base represents the compression produced, 
and its perpendicular side the force required to produce that 
compression. 




DiAQBAM lUiUSTXUTINO EXAMPLE VII. 

Let ABC represent the diagram of work done in slowly com- 
pressing the spring. 

Where, A C = Compression produced = 6". 

And, C B = Force required = P. 

Let, D E = Force required to compress spring 1% 

=^ = 100 lbs. 

4 
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Then, 
That ifl, 



P : 100 
P 

Work done 



CB : DE = AC : AD. 
600 lbs. 

iPxL = |x 600 x 6" = 1800 iiL-ll 




> 

Diagram Illustbating Exauplb TIL 

ifext, Buppose the spring to be compresBed by a weight wbich 
falls from a height of i feet. 

Let X = Number of imheA by which spriog ia compressed by 
Mling weight. 

Then, 48 + a? = Number of inches through which weight 
actually Mia, 

Since a force of 100 Iba. ia required to compreaa the spring 
1 inch, a force R ^ 100 x lbs. will be required to compress it 
X inches. 

But, 



Work d&m in cornpress- _ 
ing spring ~ 



That is, 
Or, 



}-{ 

i R X a; = W (48 + a;). 
^ X 100 ac X as = 100 (48 + x). 

jf =s 10'85 iacheB* 



Worh done hy fa^hng 
weight 



Example YIII. — A blowing-fan 30 inches in diameter revolves 
at a apeed of 1^000 revolutions per minute, and propels the 
wind with a velocity equal to | of the velocity of the tips of the 
vanea j the wind is driven through a pipe having a sectional area 
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of 200 square inches. Neglecting the power that is required to 
overcome friction, will you show the amount of power which is 
required to force the above quantity of air? Work it out in 
arithmetic, either by the law of falling bodies or in any better 
way that may suggest itself to you. (S. <fc A. Hons. Exam.) 

Answeb. — ^This is simply a question on work and energy. 

liCt W = Weight of air expelled from fan per second. 
,j A = Sectional area of delivery pipe of fan = 200 gq. ins. 
J, V = Telocity of air as it leaves tips of vanes. 

Then, v — ^ x Velocity of tips of vanes 



7 22 

" " 8 "7 



12 

Volume of air expelled \ ^ ^ 
per second j 

_ 200 
- 144 



30 1000 

X ^HT- = 114-6 ft. per sec. 



60 



114-6 :!= 159-16 cab. ft. per sec. 



By calculation from the density of air, it can be shown that 
13 cubic feet of air at atmospheric pressure toeigh 1 lb, very nearly, 
and assuming this, we get : — 



Weight of 159-16 cub. ft. 
Hence, Work done per sec. 



''9 



H.P. exerted 



W = = 12-24 lbs. nearly. 

Energy exerted ^ ^ 

12-24 X 114 

2 X 32 

12-24 X 114-62 X 60 
2 X 32 

12-24 X 114-62 X 60 



2 X 32 X 33,000 



ft.-lbs. per sec. 

ft.4bs. per min. 
= 4-57 nearly. 
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1, DefiiiG momentum, and atate how it is meufiured. State and expl 
by aid of examples, Newtotrs three laws of motion. A shot weighing h 
a ton ia fired from a 1 00- ton g\m with a velocity of 2^000 feet per aeqcj 
JJeglecting the weight of the powder » fiad the velocity of the gun 'a r 
^nif, 10 feet per second. 

A man weighing 140 lbs. descends in a lift with an acceleration eq 
to I What pressure does he exert on the floor of the lift? How w 
your answer diner if the lift wore ascending instead of descending ? A 
12*2-5 lbs.; 157-5 lbs* 

3. A railway train i exclaaive of engmi^, weighs 150 tons, and in star " 
aloDg a level line from rest it attaina a speed of ^0 miles an hoar 
5 minuteij. What hai^ hacn the tncan pull between the engine and trn~ 
the rcaistanco being taken at 10 lbs. per ton? (S. & A, Adv. Exji 
1&S70 Ann. 3,040 lbs, 

4. A locomotive and ita train weigh 220 tons, and the frictional ree' 
ance at all speeds may be taken at 2,000 lbs. If the tractive for™ of t 
engine ia constantly 3,500 Iba., tind in what tiuae from starting the tr 
can attain a speed of 40 miles per hour (1) on a level line, aiid (2) go- 
down an incline of 1 in 220. Find, also, the distance travelled in b~ 
cases in attaining the above speed. Am. (1) 10 minutes 2 seeonds, 3' 
miles ] {2} A minutes 1 second, 1 M miles, 

5. In a steam engine, the piston, which is 40 inches diameter 
weighs 2,000 lbs., comes off the rod just aa it is commencing ita inw 
stroke. The mean steam pressure is 50 Iba. per square inch. Fiml 
velocity with which the piston will strike the cover at the opposite end 
the cylinder, the stroke being 4 feet. Atis, 89 "7 feet per second. 

6. One end of a string ia fixed j it then passes over a movable pulley 
which a weight, \\\ is attached. The string then passes over a fix 
pulley, and a smaller weighty w, is attached to its other end, all three 
sections of the stritig being vertical. Show that^ neglecting the weighta 



of the pulleys, the acceleration with which W descends is f rr^j^" 



Verify this result (1) ^'ben w is small compared with W, and (2) when 
"W ia small compared with v?. {W^'ol. Hoy. Milly. Acad. Exarns.) 

7. It ia very evident that a railway train requires a consideruble amount 
of force to set it in motion^ but there is a popular notion existing that a 
less amount of power or force is required to bring the same train to a 
atate of rest. Will you explain clearly the natural principles upon which 
the whole case depeui^Is, and compare the force necessary both for giving 
motion to the train and in producing the opposite condition ? {S. & A« 
Hons. Exam.) 

8. Distinguish between work and energy, and between potential aiui 
kinetic energy* Give examples of both forms of energy. State the 
principle of the conservation of eoergv, and .show its conoection with the 
axiom that " prpetual motion" is impossil^le. A simple pendulum is 
pulled aside till its heavy bob is raised h inches vertically, and then let 

go* Find ita velocity when it passes its lowest point. Ans. a/-^*' 
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9. Prove the formula which gives the number of units of work stored 
up in a given weight when moving with a given velocity. A weight of 
lOOlIbs. is moving with a velocity of 64 feet per second, how many foot- 
poandsof work have been expended in producing this result? (S. & A. 
Adv. Exam.) Ans, 6,400 foot-pounds. 

10. A hammer head weighs 5 tons and reaches the anvil with a velocity 
of 10 feet per second ; what amount of energy, measured in foot-pounds, is 
stored up in the hammer at the instant of the blow? Ans. 17,500 foot- 
poonds. 

11. The head of a steam hammer weighs 10 cwts., and has a fall of 
Sfeet. If it indent the iron on which it falls by 1 inch, find the mean 
force everted on the iron during compression. (S. & A. Adv. Exam., 1889.) 
Am. m cwts. 

12. Of two steam hammers, one weiehs 5 tons and reaches the anvil with 
a velocity of 10 feet per second, and the other weighs 10 tons and reaches 
the anvil at a velocity of 5 feet per second ; will you compare and distinctly 
characterise the conditions of the blow of each of the two hammers ? (S. & 
A. Hons. &cam.) 

13. Referring to a steam hammer, in which steam is admitted above the 
piston to assist gravitation, will you describe the combination of forces 
at work in producing the blow, and, as far as you may be able, the nature 
of the blow as depending on velocity and mass or weight of the hammer at 
the moment of impact? (S. &, A. Hons. Exam.) 

14. What do you understand by energy, and how is it measured ? The 
head of a steam hammer weighs 50 cwts., steam is admitted on the under 
side for lifting only, and there is a drop of 5 feet. What will be the 
average compressive force exerted during a blow from this hammer, on 
the supposition that the duration of the blow— that is, the time during 
which the hammer is compressing the iron under operation — is ^ second ? 
(S. & A. Hons. Exam., 1887.) Aum. 2,236 cwts. 

15. The monkey of a pile driver weighs 15 cwts., and the drop is 6 feet. 
The blow causes the pile to go down through 4 inches ; what is the fric- 
tional resistance of the earm? (S. &. A. Hons. Exam., 1881.) Ans, 
285 cwts. 

16. Compare the force expended in pile driving by a ram or monkey of 

1 ton fiblling 20 feet, with that of a weight of 2 tons falling 10 feet. If one 
blow of the former moves the pile 9 inches, what is the average resistance 
that is opposed to its motion? (S. & A. Adv. Exam., 1896.) Ans. (1) 

2 : 1, (2) 27-7 tons. 

17. Two bodies, weighing 5 lbs. and 3 lbs. respectively, are connected 
by a perfectly flexible weightless string which passes over a smooth pulley. 
The heavier body draws up the lighter. When it has fallen through 5 feet, 
what is the kinetic energy of the bodies and the velocity? (gr = 32.) 
(S. & A. Theor. Mechs. Elem. Exam., 1880.) Determine also the accelera- 
tion of the system, and the tension in the string. Ans. (I) 10 foot-pounds, 
(2) 8*94 feet per second ; (3) 8 feet per second per second ; (4) 3*75 lbs. 

18. State Newton's third law of motion, and ^ive his illustrations of it. 
W^hts of 5 and 11 lbs. are connected by a weightless thread. The latter 
is placed on a smooth horizontal table, while the former hangs over the 
edge. If the bodies are then allowed to move under the action of gravity, 
what is the tension of the thread? (S. & A. Theor. Mechs. Adv. Exam., 
1876.) Find, also, the acceleration produced, and the kinetic energy of the 
system at the end of 4 seconds. Ans. (1) 3*44 lbs., (2) 10 feet per second 
per second, (3) 400 foot-pounds. 

19. A train of locomotive and carriages weighs 60 tons. If it be sup- 
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poeed to ran down an mdine of 1 iu 265 for 7i uiiles^ starting with zero 
velocity, unopposed by anything but its own inertia, and anaccelemtod by 
anything but iti own weight ; what wouhl bo its velocity* its Tnomentmn, 
&nd ita kiiietic energy at the foot of the incline ? (C* k G. Mech. Eng. 
Hons* Exam., 1S84. ) Ann, 97 §4- feet per second, 5,870 foot- tons per 
second^ H,925 foot-tons* 

*20. What nieaHing do yon attach to the phrase horse-power ^ A fire- 
engine pump is provided with a nozzle, the aectional area of whieli is 
1 square ineb, and the water ia projected through the nozzlo with a velocity 
of 130 feet per second ; find tne horse-power of the engine required to 
drive the p^n^Ps irrespective of the loss by resistance of the workinc; parta. 
The weight of a cubic foot of water is 624 ll»s. (S. & A. Hons. BxaiD.) 
Am. 27-1 H.P. 

21. State Newton's second law of motion. Explain briefly how the 
measure of forq© is derived from this Law* In the equation P = mj] in 
what nnit^ is P, when the units of mass, dLstancf^, and time are a poondf 
a foot, and a second 7 (S. & A, Adv. Theor. Mechs. Exam., 1896.) 

22* A steam engine is employed to raise coals, and it is calculated that 
in order to set in motion the winding drums, flywheel, caces, ropes, &c», 
which are concerned in the motion, it has to do the work of imparting 
a linear velocity of 36 feet per second, to 60 tons of material in half-a- 
mlnut& at each lift. What effective horse -power is consumed in over- 
coming the inertia of the aggregate weight of GO tons, and in settinj^ np 
the velocity, estimated as above stated, in the tune assigned ? (S* & A, 
Hons. Exam.) Am. 165 KP. 

23. In lifting water into a tender by a scoop running along a trough 
while the train is going at rapid speed, the heigbt of the lift ia 7| feet* 
What speed in miles per hour will just cause the water to be lifted through 
that height? {S. & A* Hons. Exam.) Am. 15 miles per hoar nearly. 

24* A vertical pipe, carried by the tender of a locomotive engine, and 
terminating in a scoop with a flat month, picks up water from a trough 
laid on a railway. If the speed of the engine and tender be 22 miles per 
hour, find the height to which the water will rise in the pipe, ITpou what 
theory do you proceed? (S* & A, Hons* Exam., 1882.) Afhs* 16 '3 feet. 
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LECTURE XXIL 

CoKTHTfTS-— Energy of a Botfttinij; Body — Moment of Ineirtia of a Body 
about an Asm — DeiiDitions of Moment of Inertia and Radius of^ 
Gyration — Propoaitions I,^ H., and IH*— Methods of CsJciil&tiDff 
Momenta of Inertia — am plea II. ^ and IIL — Tables of Radii of 
Gyration of Solids and Sections— E(j nation of Energy for a Rotatinr^ 
Body— Esamjplea IV., V., VL, and VII.— Determmatioo of Energy of 
Flywheels — CeDtripetal and Centrifugal Forces — Definition & of Centri- 
petal and Centrifugal Forces— Example VIII* — Straining Actions due 
to Centrifugal Forces— Example IX— Questions. 

Energy of a RotatiBg Body.— The deduction of the equation for 
energy of rotatioa is complicated by the fact that particles of 
the body at different distances from the axis of rotation possess 
different energies, due to their different linear yelocities. To 
obtaiu the energy of the whole body, we mustj therefore, take 
the sum of the energies of the various particles composing it. 
In general J this process must be performed by the aid of higher 
toathematics j and even then, only in those cases in which the 
bodies are of regular geometrical form. 

- Moment of Inertia of a Body about an Axis, — Before deducing 
the expression for the kinetic energy of a rotating body, it may 
be as weil to explain certain terms and quantities wliich we 
sball have occasion to make use of. 

Definition,^ — If the maBs of every particle of a body be multi- 
plied by the square of its distance from a given axis, the sum of 
the products is called the Moment of Inertia of the body about 
that a^a. 

Let I = Moment of inertia of the body about a given axis, 
„ m = Mass of any particle or element of body. 
„ r ^ Distance of m from the given axis. 

Then, I = 2mr^!. (I) 

Definitiow,— If M be the mass of a body, and A be such a 
quantity that M A^ is its Moment of Inertia about a given axis, 
then k is called the Radius of Gyration of the body about that 

EZiB. 

Thus, MA«-I 
Or, = i 
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The following Propositions relating to moments of inertia 
and radii of gyration are so important that we here give their 
proolis in full : — 

Proposition I. — If M be the mass of any body, lo the moment 
of inertia about any axis through its centre of gravity, G, and lor 
that about a parallel axis through any other point, 0, at a distance, 
A, from 6, then :^ 



lo = lo + MA2 



(III) 




MoxiEKTS OF Inebtia about Parallel Axes. 

Let G, and O, be the points of intersection of the axes with 
the plane of the paper, which is at right angles to them. 
Le^P be any particle of mass, m. Draw PN perpendicular to 

Then, in triangle O P G, we get (Euc. II., 12) 

O P2 = P G2 + O G2 - 2 O G • G N. 
Multiplying both sides by m the mass of particle at P, we 



ji»-OP2 = m- PG2 + mOG2-2mOG-G]Sr. 

Repeating this process for every other particle of the body, 
and adding the results, we have : — 

2m-OP2 = 2m-PG2 + 2m • O G2 - 22m • O G • G N. 
Buti clearly, 2m • 0P2 = I^ and 2m • PG = Ig. 
And, since O G = A. = constant, 

2 m • O G2 = O G2 2 m = A2 M, or M A2 

Also, 22m-OG-G]Sr = 20G-2m •GN = 2A2m -GK 

But the quantity, 2 m • G N, is the sum of the moments of 
the various particles about their centre of gravity, G, and is 
therefore zero, from the definition of the centre of gravity. 
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22m-OG-GN = 2A2m-GN = 0. 

Io = Io + MA2. 

OOROLLABY. — Denoting the radii of gyration of the body 
about the axes, O, and G, by A;©, and kq^ respectively, we get : — 

111 - 111 -^h' (IV) 

Proposition II. — If I^; and 1^ respectively denote the moments 
of inertia of a lamina, or plane area, about two axes X, T, at 
right angles, lying in the plane of the lamina or area, and 1^^ the 
moment of inertia about an axis, Z, through 0, perpendicular 
to the plane of the lamina or area ; then Ig is equcd to the sum 
of Ix, and ly. 

i^e., I, = I^ + ly. (V) 




Moment of Inertia of Lamina about Rectangular Axes. 

Take any particle, P, of mass, m, and draw P M, and P N, 
perpendicular to O X and O Y respectively. 

Let X and y denote the co-ordinates of P, with respect to the 
axes, OX, O Y, so that O M = ON = y, and P = r. 
Then :— 

Moment of inertia of P about O X = m • P = m ' y\ 
„ „ OY = m -PN^ = m -0:2. 

„ „ Z = m • P2 = m • r8. 

But, = ^ 0^2, 

> 

m ' 7^ =^ m ' y^ + m ' a^. 

Hence, the moment of inertia of P, about the axis, O Z, is 
equal to the sum of the moments of inertia of the same particle 
about the axes, OX, and OY. But this is equally true for 
every other particle. 
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CoEOLLABY, — Denoting tlie radii of gyration of the lamina, 
about the axes by the letters kx^ h^^ k^^ we v — 



Peopositiost III.— If 1^^ respectively denote the moments 
of inertia of any body aboat three rectEinguIar a^ies drawn from 
any pointy 0, in the body, then the sum, I^, -t- ly, + 1^, is equal to 
twice the moment of inertia, lo, of the body about the 'point, 0. 

(VII) 





MOMKNT OP IkEHTIA OF BODY ABOUT ReOTANGTTLAB AxSS. 



Let O Xj Y, Z be the three rectangular axes drawn from 
any point, 0; P, any particle of mass whose co-ordinatea 
are sf, so that O L ^- ar, O M = ^, O IT = is, and P = 
Then:— 



Momerd of inertia \ q 
of P (^mU J 



And, 



Y = m ^ PM2 = + 
„ OZ - m ' Pl^^ - + y^y 

la- = ^m{y^ + z^) = '2,my^ + l.m^\ 

1^ + 1^ + ly = 2 {2 f» as^ 4- 2 m + 2 a^*} 
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Corollary. — ^Denotiog the radii of gyration of the body about 
the three axes and the point, O, by the letters kx^ ky^ kz^ and Itc 
respectively, we get : — 

A* + A*+A^ = 2/^ (VIII) 

Proposition II. is a particular case of this general one. 
There O P and O S will always coincide, and, therefore, 
and lo are identical. By putting I© = T« in equation (VII), we 
at once get equation (V). 

Methods of Calculating Moments of Inertia. — We shall show 
by working out a few examples how the moments of inertia or 
radii of gyration can be calculated in certain cases, wherein the 
density is uniform. 

Example I. — Determine the moment of inertia and radius 
of gyration of a rectangular lamina (1) about its shorter edge, 

(2) about an axis in its plane 
through its eg. and parallel to a 
short edge, and (3) about an axis 
through its eg, perpendicular to 
its plane. 

Answer. — Let A B C D be the 
rectangular lamina, and let the 
edge A B = a, and B C = 6. 
(1) About the shorter edge A B. 
Divide the rectangle into w, 
equal and narrow strips, PQ, 
parallel to the axis A B. 
Mass of whole figure, A B C D. 
Mass of elementary rectangle, P Q. 




Moment op Inertia op 
Rectangle about AB. 



Let 



= Distance of P Q from axis A B. 



„ A = Breadth of elementary strip P Q = 

The whole of the strip P Q is at the same distance from A B, 

Mom. of inertia of \ ^ ^ 
element FQ | - mo:-. 

Mom, of inertia ^ I 2 mrc^ 
whole figure j 
But m : M = A : 6, 

m = — i- . 



I = ~2Aa:2. 





(1) 
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Beginning at edge A B, the distances of the various strips 
from this edge will be Xq = 0, = h, = 2hy , . , ocn = nh. 

2ha^ = A(02 + A2 + 22 A2 + 32^2 + . . . + ^2/^2), 
„ = A8(i2 + 22 + 32 + . . . + n2), 

„ = h^— ^ -, [See Treatises on Algebra] 

-I) (-^> 

When the number of strips, n, is infinitely large, the reciprocal, 
— , will be infinitely small, and may, therefore, be neglected. 
Also, (nA)8 = 63 

o 

From eqn. (1), I = J M 62. 

Let k = Radius of gyration, then : — 
MA;2 = I, 

phe above method of finding the moment of inertia is 
precisely the same as that employed in higher mathematics. 
For those who understand the calculus we here repeat the 
above calculation, using its notation. 

Let dx = Breadth of elementary strip, P Q. 

Then, m =^ —dx. 



dl = ^a^dx, 


T Mr"., M rajS-l* M 6« , « 1,2 T 
I = -^j^^^da: = ^[_^J^ = T • F= *^*'-J 

(2) About an axis through eg, parallel to edge A B. — We may 
obtain the moment of inertia in this case by proceeding in 
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exactly the same way as before, but tKere is no need for this 
repetition, aa we can very easily get the result from the relation 
given in Proposition I. 

Let 1(1 = Moment of inertia of the rectangle about an axis 

tkrougb its e.f/. parallel to the edge A B. 
„ I = Moment of inertia aliout the edge A B 
„ A = Distance between these axes = 4 6* 



TheHj from equation (III) i — 

l = U+ MA^. 
la = I - Mh^ - iMb^ - ^Ub^ = ^^U 
Also, ti-^bK 

(3) About an ctxis thraugh e.g. jjerpsndicular to plam. 
Muimnt of inertia about a7i axis _ j _ ^ ^ 



through e.g. parallel to AB 



Moment of inertia about aji axis ^ _ j 
tJtrough c^g. parallel B C J ^ 



1 



Bntj from equation (T), Ij 
Momeat of inertia about an axis 



[oment of inertia about an axis | 
thioagli e.g. perpendicular to I = = U(a- + b 
the plane J 

Example II. — Determine f 
radius of gymtion of a circular 
abont an axis through its centre 
pendicular to its plane. 

Answer. — Divide the disc into 
equal, narro^-^ rings of breadth. 
Taking one of these rings, P Q, let 
be its distance from the centime, 0_ 




BAnrtrs OF Gyraticit of a 
Circular Disc. 



Let M = Mass of the disc, 
J J m = Mass of the elementary 
ring, PQ. 
r ^ Hadius of the disc. 



Then, m : M = area of ring : area of disc. 
2M , 

m\ m = — s- X L 
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The whole of the elementary ring is at the same distance 
from the centre : — 

Moment of inertia of elementary 1 _ ^ ^ _ 2 M ^ ^ 
ring about the aods through O J ' 

Moment of inertia of the whole \ _ j _ ^ ^ 2 ic^ A (\\ 
disc J ^2 ^ • V / 

Beginning at the centre, O, the distances of the various rings 
will be ajo = 0, scj = A, = . . . Xn=^ nh, 

l.a?h = (03 + PAS + 23^3 4. ... + n^h^)h 

„ = (18 + 23 + 33 + . . . + 7i3) A* 

,j = ^ (w + 1)2 [See Treatises on Algebra] 

When n is infinitely great, the reciprocal, will be infinitely 
small, ajid may be neglected. 
Alsoi (nA)4 = r*. 

From equation (1), I = x j = J M r*. 

A2 = ir2 (2> 

I^These results may also be obtained by the aid of the 
calcolus, thus : — 

Let c? 05 = Breadth of elementary ring. 
Then, m = xdx. 

^ 2M r , , 2M r* 



r2 



. r , - 2M r* - o 



If, however, the disc be annular, the outside and inside radii 
being R and r respectively, we get : — 

2M 
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I - 



R2 



M 



2M 



These results also express the moments of inertia and ra 
of gyrdtion of a solid and of a hollow cylinder about their as 
For a cylinder caa be conceived as made up of a great numl 
of circular discs threaded together ou the same axis, and 
moment of inertia will just be the sum of the moments of iner 
of all the discs, since the radius of gyration of each disc is ind 
pendent of the thickness of the disc, it follows that the radit 
of gyration of the whole cylinder will be the same as that of one 
of til e discs. 

Having found the radius of gyration of a ciroular disc about 
an axis through its centre at right angles to its plane, we can 
very easily find its radius of gyration about a diameter. 

Let kx^ ky = Radii of gyration of dise about two diameters at 
right angles to each other* 
„ kz ^ Eadiua of gyration about axis through centre and 
perpendicular to plane* 

Then, kx — ^ = ^ 

And, from (2) ^1=^1^^ 

But, from equation (TI), Phoposition II., we get 

fr^- J /^^orA = ^ , 

If the disc be annular and of radii R and r, then the radius 
of gyration about any diameter^ is given by the equation r— 

fi^ = i(R2 + 

Ex AMPLE III.— Determine the radius of gyration of a sphere 
about a diameter. 

Answek.— The results of Proposition III, tell us that if 
three mutually perpendicular axes he drawn from any point 
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in a body, the sum of the moments of inertia of the body about 
these axes is equal to twice the moment of inertia of the body 
about that point. Suppose, then, that the point selected be the 
centre of the sphere, the axes will then be three mutually 
perpendicular diameters. But the moments of inertia about 
all diameters must be the same. Therefore, if I denote the 
moment of inertia of the sphere about any diameter and lo that 
about the centre, O, we get, from equation (VII) :~ 

31 = 2Io (1) 

It only remains now to find the value of Jo or 2) m ix^. 
Suppose the sphere divided into a large number of oon- 
centric shells, the thickness of each shell being h. 

Let 05 = Distance of any one shell from centre of sphere. 
„ r = Eadius of sphere. 
„ m = Mass of shell. 
„ M = Mass of sphere. 

Then, m : M = vol. of shell : vol. of sphere, 

4 

ie., m : M = 4cric2^ . ^^r*, 

m = A, 
And, lo = ^ma^ = ^^a^h. 

Beginning at the centre of the sphere and putting successively, 
aco = 0, a;^ = /*, ajg = 2 A, . . . Xn = nhywe get : — 

2a;* A = (1* + 2* + 3* + . . .n^)h^, 

( n* n \ ,5 

» = t ^"'^T"*" 3"" 30|'^' 

- ={f-^2^-^-^- 3^4"'^' 
When n is infinitely great, the quantity inside the brackets 



reduces to ^, and 



From equation (I) I — J Ig - j M r^. 

[The game result can be easily arrived at by aid of 
Oalculua. With the usual notation, ^e get : — 

m = x'ax, 

If the sphere bo hollow, the inside radios being r, and 
outside radius R, it can easily be proved that : — 

The term " moment of inertia " has been defined above with 
respect to a solid body only, but it is easy to see that by a slight 
alteration in the wording of the definition it may be made to 
apply equally to an area or a metion of a solid. Accordingly, 
we find the terms " moment of inertia" and radius of gyration" 
applied to areas as well as to solids. Thus, we apeak about 
the moment of inertia and radius of gyration of a circle about 
a diameter^ a triangle about its base, and so on. 

We may here remark that the moment of inertia of a solid, 
or section of a solid, about a given axis, is always proportional 
to the mass of the solid, or to the area of the section as the 
case may be. 

The following rule has been stated by Bouth and will be 
found useful for finding the moments of inertia about an axis 
of symmetry : — 

Moment of Inertia = Mass x {sum of the sg^^ures of t/m per- 
pendimlar ^mt-twc^s) (3, 4, or 5, accordmg m the body u 
rectangular^ eUiptimlj or eUipsoidcU). 

For the sake of reference, we here give tables of the squares 
of the radix of gyration for some of the more important cases 
of both solids and sections. 

In every case the axis is taken as passing through the centre 
of mass of the solid or centre of area of the section, so that if 
the moment of inertia or radius of gyration be required about 
any other axis, this can easily be computed from the results 
given in Propositions II., and IIL 



J 
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TABLE L— Squares of Radu of Gyration of S(»jds. 



X CiroftiJar hoop of tbin win 

Clrcfolar hoop of thin wire 

m I [Jfliform circular rod — 

iv, Solid circoliuf 4!ywfl|K«i«» 

Kaditia, r 
T. I Hollow ciroulaz ojliader or 

VlrThM cylindrical shea^ 

VH ISoUd sphere «-E*dinfl, r 
Hollow apbere — Bftdii, B« r 
Thm apliBrioftl abell — 



Perp. to plaiie of 

circle 
About a diameter 

About its own axia 

Abont a dlftm«ter 
Alioot a dlimeter 



Sqiure of Radlui 
of Qjrfttkm- 



* IP -r» 

A** 



TABLE n. — Squares of Radh op Gyration of Lamina and 
Surfaces or Sections. 



n. 
m. 

IV. 
V. 

VL 

vn. 
vin. 

E. 
X. 

XL 



Form of Lamina, Snrface, or 
Section. 



Rectangle — Sides, a, b 
Rectangle — Sides, a, h 

Hollow rectangle — Sides, 

A, B, and a, b 
Triangle — Altitude, a; 

base, b 

Gircnlar section — ^Radius, r 

Circular section — Radius, r 
Hollow circular section — 

Radii, R, r 
Hollow circular section — 

Radii, R, r 
EUiptical section — Axes, a, b 
Elliptical section — Axes, a, b 

Hollow elliptical section — 
Axes, A, B, and a, b 



Position of Axis 
through eg. 



Parallel to side, b 
Perp. to plane of 
figure 

Parallel to sides, B, b 
Parallel to base, b 

Perp. to plane of 

figure 
About a diameter 
Perp. to plane of 

figure 
About a diameter 

About axis, b 
Perp. to plane of 
figure 

About axis, B, b 



Square of Radius 
of Gyration. 

^=1 



"AB - ab 
i (R2 + r») 

A»B - a»5 

^AB - ab 
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Equation of Eiiea^ for a Eotatmg Body^^Wo shall no 
det^niime the energy possessed by a rotating body* 

Let W ^ Weight of body, ami M its mass. 
„ fc = Weight of any particle at a distance, r, from tho 

axis of rotation, and m its mass. 
„ £M - Angular velocity of body about given axis, 
„ V — Linear velocity of the particle — w r, 
k = Hadius of gyration about the given axis. 

Then, the kinetic energy of the particle — = '^l^^if, 

Jg 2 ^ 

Repeating this process for every particle composing the body,, 
and adding the results together, we get :— * 



The kinetic energy of 1 
the whole body^ Ek J " 



2? 



since w = mg, and u is the same for every particle, 



Bat, 



23 



, about the given axi% 



Thus, the equation for the energy of a lx>dy rotating about a 
&ced axis is similar in form to that for a body moving without 
rotation. 

Engineers usually measure the angular velocity of a rotating 
body by the number of revolutions made in unit time. 
Then I if n be the number of revolutions per unit time, 



^9 



9 




We may also show, as in the previous Lecture, that, if the 
angular velocity changefi from Wj to is*^, or from Kj to 
revolutions per second, then: — a 

* If W be expresB^d in fibaoltite unita at pauudalBi tbe kinetic ener^ 
will also be given in absolute units or foot-pound ala ; but if W be m 
pounds weight or in gr&vitation units, then tlie kinetic ener^ will be 
in fdot^pnnudB^ 

The student shonld note tbat the pound is tbe absolute unit of mam, 
' erefore, those of tbe above eqaations which contain M inatead of 



W 



cdways give the kinetic energy in absolute units or foot^pomidals. 
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The change of kinetic ) _ W - uil)h ^ 
energy /- 2 a 

> . . (XI) 

99 99 ~ 

Again, if the centre of gravity of the body be moving with a 
linear velocity, t?, and if at the same time the body be rotating 
abou't an axis through its centre of gravity with an angular 
velocity, «, then the total kinetic energy possessed by the body 
is : — 

W 7;2 W /f2 w 

Or, if the linear velocity changes from to Vg* while the angular 
velocity changes from to Wg* then the total change in the 
kinetic energy of the body during that period is : — 

ExAMPi^B IV, — Sketch and describe the action of a fly-press 
as used for punching holes in metal plates. The balls weigh 
60 lbs. each, and are fixed at a radius of 30 inches from the 
axis of the screw. The screw is double threaded, and of 1 inch 
pitch. Find what diameter of hole can be punched in a wrought 
iron plate ^ inch thick, if the strength of the plate in shear be 
taken at 22 tons per square inch, the resistance to shearing 
be overcome in the first ^ inch, and if the balls at the instant 
when the punch touches the plate are moving at the rate of 
60 revolutions per minute. 

Answer. — For a sketch and description of a fly-press, the 
student may refer to Lecture XXI., of the Author's Elementary 
Manual on Applied Mechanics, 

I^t W = Weight of each ball = 60 lbs. 

k = Radius of gyration of the system = 2 J feet. 
J, 71 = Number of revolutions per second = 1. 

It = Resistance, in lbs., ofiered by the metal to the 
punch, 

8 = Distance through which R is overcome = ^ inch 
^ feet. 



12 X 16 

t == Thickness of plate punched = | inch. 
d = Diameter, in inches, of the hole. 
y = Resistance of metal to shearing = 22 x 2240 Ihi 
per square inch. 
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TW, Area .heared = { ''Zfj'^T!:^ 

/, Mean reiUiance offered) = r _ ^ ^ # /• 
to ahe(Mring ) ^ /- 

Work dons agaimt R = R x 9 ^ ^dtf tl «. 



ffttif Work done againtt B « instant 

{ metal 



ftdtf X B 



( Energy of momsmg halU mt the 
tYMtoii/ wkem pumik etrikee 

\ metal 

2 Wgg W X 4^n«i« 

2^7" 9 



ThU ii ih# general equation connecting tc^thw the giren 
Ufu\ Km m\n\Tm\ quantities. Bj snbstitnting the giTea dmla» 
Mu\ oamjiflli/iK from both sides of the equation, we get : — 

22 

60x4x^xlxlx2Jx2J 

</x K . 22 X 2240 x j2 , le 32 

d = 1*53 inch. 

RxAMHiK V. — A flywheol weighing 4 tons is keyed to a shaft 
of 9 \mi)\tm dlametiir at the journals. The radius of gyration of 
tim whuftl Is 5J fo«t. At a given instant the wheel is found to 
Im making HO revolutions j)or minute, and is not acted on by any 
i/ihiir reianling forces than the friction at its journals. Find 
(h the m\mi\(}t\ in speed after the wheel has made 100 turns. 
(2) The number of turns it will make before it stops if the 
ooeff. of friction between the journals and their bearings = 0-07. 

Awswiett.- (1) To find the reduction in speed after the wheel 
bfis made 100 turns, we must equate the work done against 
Motion in 100 turns to the change of kinetic energy of the 
wheel during that time. 

Let W - Weight of wheel = 4 tons = 4 x 2,240 lbs. 

„ A - Radius of gyration of wheel = 5J ft. 

„ ni,n« - Initial and final revolutions per second. 

„ - Diameter of journals = | ft. 

„ /A - Coefficient of friction = 0-07. 

Using equation (XI), we have : — 

Cliange of Ek of wheel = , 



EKEBGY OF A BOTATIKO BODY. 71 

And, from eqttAtion (lit), Lecture VIL, VpL 1. : — 

Work lost in fricivm in one twm ofjoumcda = 'rd fi'R, 

Where R is the resultant pressure on the bearings, and 
therefore = W in this case. 



Wo^k done agaimt /Tic- U iqo ,r d ^ W. 
t%€>n %rh 100 turns f 

2 cr« (n? - nl) W 
9 

2 _ 2 100 cg/tigr 

2 2 50dfig 
Hence, - n, - 



80\2 50 X -75 X -07 x 32 



oo 

^ x 5-25 X 5-25 



„ = 1-78 - -97 = -81. 

Or, ^2 = %/*81 '9 rev. per sec, or 

64 revs, per min. 

Beduction in speed = n^ - n^ = SO - 54: = 26 revs. 

per min. 

(2) Ijet n = number of turns made before stopping. 

Th.en, in this case, the whole energy of the wheel when 
making 80 turns per minute is absorbed in friction at the 
journals. 

2 cr2 W *2 

■ = 7iflrc?AfcW. 

9 

^ 22 80 80 ^ „^ ^ «^ 
2^nlk^ ^B0^60"^'^^"^'^^ 
fidg -07 X -75 X 32 

n = 183 J turns. 

£x AMPLE VI. — A right cylinder of radius r, rolls, without 
slipping, down an inclined plane of height h. Find its velocity 
at the foot of the plane, and compare this with that which it 
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would have had bj merely sliding- Neglect frictional reaistaEicei 
in both cases* 

Answer. — Let v = Velocity of e.g. of cylinder at foot of plane. 
„ tm = Angular velocity „ „ 
jj W = Weight of cylinder. 

„ k ^ Radius of gyration about its own axia 
r 



But, 

Also^ 
And, 



ToUd kinetic energy ] _ J En^gj/ of Trandation 
at foot of plane § ~ \ + Emrgy of Rotatitm* 

TotaJL energy foot \ _ 
of plmie f ~ 

W ^ 

Energy of Translation = - — . 

^ 9 



Wh 



Energy of Rotation = 



2g 



But, 



V r 
fij = ^, and k " —T-.^ 



Had the cylinder been allowed to slide down the plane with 
rolling^ the velocity at foot of plane would have been : — 



2 p A = 1?^ + 



2gh 

V 



,\ Vel. with rollin; 
without rolling 



lling / = V"3^ ' A = ^ : V3- 

Of course, the kinetic energy of the body in both cases ia the 
same, but in tlie second case the whole energy is translational, 
hence the reason for the greater speed in this case. 

Example YIL— A weight, Q, draws up another weight, W, 
by means of an ordinary wheel and axle. The force ratio 
(Q : W) is 1 to 6, and the velocity ratio (vel, of Q : vel of W) 
is 8 to L The diameter of the axle is 6 inches, and the radiua 
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of gyration of the wheel and its axle may be taken at 10 inches. 
Neglecting frictional resistances and the inertia of the ropes, 
determine the revolutions per minute of the machine after 10 
tnms have been made from a state of rest. Take the weight 
of the wheel and its axle = 2 W. 

Answer. — We shall first answer this question in a general 
way. 

Let Wj = Weight of wheel and axle. 

V = Velocity of effort, Q, in ft. per sec, after N turns. 
V = Velocity of weight, W, „ „ 
R = Radius of wheel in feet. 
r = Radius of axle „ 

k = Radius of gyration of wheel and axle in feet. 
n = Revolutions per sec. of machine, after N turns. 

Then, by the Principle of Energy, we get : — 

Energy exerted = Work done + Change of kinetic energy. 



But, Energy 



}= 



Work done - 

Change of kinetic \ 
energy f 



Q X Distance fallen in N turns of machine, 
Q X 2'rRN. 

J W X Distance raised in N turns of 
( machine = W x 2 ^ r N. 

J Translational energy of Q and W + Hota- 
\ tional energy of wheel and axle. 

A'n^n^QxW 4cr2n2Wxr2 i^'hi^W,xk^ 

^ + 7i + 

2^ 
2^n^ 



Hence, Q x 2irRN = W x 2flrr N + 
Or, (QR-Wr)N 



^g '^9 

|qR2 + Wr2 + WiA;2| 

?^|QR2 + Wr2 + Wi//2| 



^'|qR2 + Wa2 + Wi//2| 

This is the general expression from which n can be found 
when the other quantities are given. 

From the question, we get :— W = 6 Q ; W^ = 2^^^ = 12 Q ; 
N = 10; V = 8t7; r = 3 inches = \ foot ; R = — r = 8 x J 
« 2 feet ; ^ = if = I foot. 



Honoej Energy \ 
ex&rted J 

Work done 

Change of kinetic \ 



32 

^ n 
"16 



|Qx22 + eQx(i)3 + 12Q«(|)«| 



16 X 24 

10 X 16 X U 

\ — = 4. 
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22 
T 



17 = 2 revolutions per secondt or 120 per m* 

Determination of the Energy of Flywheels,— Before the ener 
of A rotating body can be calculated at any given speed, 
is neeesaary to know the radius of gyration of that body abo 
the given axis of rotation. We have already shown how t' 
quantity can be calculatecJ in certain bodies which are of regu 
geometrical form; but many cases occur in the rotating pa 
of machines where the above methoda of calculation would be 
most difficult, if not altogether impossible. Suck is the case 
with most flywheels. The flywheel is a most important part 
of an engin©j since it is a regulator of the speed. Owing to the 
great majss of its rim it naturally possesses great inertia, and is, 
therefore^ capable of staring up a considerable amount of the 
energy developed in the cylinder, and of again imparting this 
stored energy to the moving parts during those portioQS of a 
revolution when the work done in the cylinder is leas than the 
work being done outside. It is important to know the radius 
of gyration of tlie wheel, so that calculations relating to the 
storage and output of its energy can be effected. This radius 
of the wheel may be determined either approximately by 
calculation, or accurately by experimenting on the wheel itaelt 
or with another similarly shaped wheel. Wo shall deal with 
these cases in turn, 

(1) By Approximate Cedsulation.— Most flywheels consist of 
a heavy riiu with comparatively light arms and nave; hence. 
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in calculations relating to the radii of gyration of such wheels, 
we may neglect the effects of the arms and nave, and consider 
onlj that of the heavy rim. Usually the rim is of a rectangular 

cross section. 

Let R, r a= Outside and inside radii of rim. 

Then, from Table I., case V., of this Lecture, we get : — 

Substituting this in the equation for the kinetic energy of the 
wheel, we may obtain an approximate result. 

Many engineers, however, further simplify their formula by 
taking for the radius of gyration the mean radius of the rim, 
and consider this quite near enough for most purposes. Thus : — 

A = J(R + r). 

The difference in the kinetic energy, as calculated from those 
two assumptions, may be shown as follows : — 

Let W = Total weight of wheel. 
„ « = Angular velocity of wheel. 

Then, according to the first assumption : — 

The kinetic energy = — ^ = "o — ^ — o • 

Ag A 

And, according to the second assumption : — 
The kmetic energy = x ^. 

Hence, the difference = |^ ^ ^ ^ — ^ \ j" 
Ww2 (B~ rf 

That is, the kinetic energy in the fin-st case is greater than 

that in the second case by x ^ " ^ xhis difference, 

however, becomes less as R — r diminishes — that is, as r ap- 
proaches R. On the other hand, it gets greater the thicker 
the rim. The radius of gyration in the first case — viz., 
^ ^\ (R2 + r^), is too great ; because the effect of the arms 
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and nave is to redtico that radiusj whereas the other reeu 
A = J (R + r)^ may be too small. It aoTnetimes happens that 
a closer approximation may be obtained by taking tlie arith- 
metit-al vtean of the above results, thus : — 

Tbe kinetic energy 1 _ Ww^ ( W ^ ^ (B + r)^ 1 
of the wheel i 2rj ^ \ 2 4 J 

_ W_ft^ {3(B + - 4Br} 
" "2 ^ 8 

(2) Bi/ Experiment on tfis WheeL~^\\^n accurate results 
required, we oiay determine tbe radius of gyration of the w' 
exjje rim en tally as follows : — ^ 

Disconnect the flywheel and its shaft from all other moving 
pieces, and see that the shaft runs smootlily in itg bearings. 
Fit a flat pulley on the shaft and wind a few turns of flexible 
rope in a single layer round the same.* To the free end of this 
rope attach a weight sufficiently heavy to cause the flywheel to 
rotate at a uniform speed when started by the hand. This 
weight should just supply the energy absorbed by the friction of 
the shaft in its bearings and the bending of the rope. Now 
rewind the rope on the pulley and add another weight to ita 
free end, so that the wheel will now start rotating when the 
weights are allowed to fall. Note the time taken by the weights 
in fallinnj a known distance. The height through which the 
weights fallj and the diameter of the pulley being known, it is 
easy to calculate both tbe speed of tlie wheel and the falling 
wtfightSj and hence their kinetic energies at the instant when 
the latter reach the ground. 

Another method of allowing for tbe friction of the bearings, 
(&C.J is to use only one weight Note the exact number of turns 
which the wheel makes (after the weight has ceased to act) 
nntil it comes to rest. Then neglecting the atmospheric resist- 
ance (which will be very small in an experiment of this kind) 
the work absorbed at the bearings will be equal to the kinetic 
energy of the wheel at the instant when the weight ceases 
to act 

These methods will be better understood when stated 
thus : — 

* If the Jly wheel shaft hfj of sufficient diameter, this pulley in»y be 
dispeuaed with, and the rope need then be a imply wounil round the shaft. 
If a convenif]nt direct drop for tbe wei^hta caonofc be an-ansjed for, then 
the rtipe may paea round a guide pulley fiiied to the roof^ but in thi^ caaa 
the kiiiotic energy of thie pulley must m allowed for. 
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Let "W= Weight of flywheel in lbs. 
„ w= Weight producing motion of wheel. 
„ tOj = Weight required to balance friction. 
„ k = Radius of gyration of flywheel in feet, 
„ A = Height through which w and fall in feet, 
„ D = Diameter of pulley keyed to shaft in feet, 
„ d = Diameter of rope in feet 

„ t = Time taken by weight, in falling to the ground 
in seconds. 

„ n = Number of revolutions per second which wheel is 
making at instant when w reaches the ground. 

„ « = Velocity with which w and strike the ground. 

„ N = Number of revolutions made by wheel after w ceases 
to act. 

FiESTLY. — When w-^ is employed to balance the frictional 
resistances. All the energy exerted by w is employed in giving 
kinetic energy to the wheel. 

: wh. 



And, Change \ ( Kinetic \ ( Kinetic energy of w and 
of kinetic /• = < energy of /• + < when they reach 

energy j ( wheel ) (the ground 

_ W X i^n^k^ {w + w^)v'^ 
" - 2g 2g ' 

_ W X i^^n^k^ (io + w.) , 

wh = s + - — . . (1) 

2g 2g ^ ' 

The revolutions, n, and the linear velocity, v, of the falling 
body at the instant when the latter reaches the ground can be 
determined as follows, when t, D, and d are known : — 

Number of revels, made by 
wheel during action qfw 



Average number of\__ h 
revoU, per secoiid j ~ -^(0 + d)t 

n = Twice the average, 
2h 



Similarly v = Twice average linear velocity of 

w and tOj, 

. = ^ m 



78 



LECTURE XXIL 



From equation {!) we get ; — 



2 (££; + w^) ft 



(XV) 



SKcojfDLT. — When the number of turm made % tohed (ifterj 
ceases to met is known^ 



ETi&rgy exerted = wh. 

Work done on friction dur 
ing last N remluf^m 
wkeel 



m dur- \ i 
tions of > — < 



Kinetic energy of whed 
instant when w cemes \ 



_ W X 4^r2^aj5^ 

Butj by equation (2), the wteel makes ^ revolntionSl 

during the action of w. 

Work done on friction } ^ W x 4^7^^^ ^ {D + 



during action of w / 
From equation (3), we get * 

W X 4 w2 X 



4A» 



Work done = 



(D ^ df ^ 



Change of \ 
kifiMic eTwrgy J 



^9 

BWh^Ji^ 2wh^ 



Hence, 



8 WA^ita 



8W/?A^ f A , , 1 2A1 



I 
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Equations (XY) and (XYI) enable us to find the radios of 
gyratioD, ^ when the data are furnished by experiment. 

If the wheel whose radius of gyration has to be found cannot 
he conveniently experimented on, then the radius of gyration 
of another similar wheel may be determined, and that for the 
first whdel calculated therefrom. It is easy to show generally 
that the moments of inertia of two similar bodies rotating about 
similarly placed axes are as the fifth powers of their like linear 
dimensions. 





Moments or Inertia oj Similar Bodies. 

Let A B, and a 6, be any two similar bodies whose axes 0, 
and 0, are similarly situated. Let the linear dimensions of the 
larger body be n times those of the smaller. Taking similar 
parts at P, and so that P is n times as large as in each 
direction, it is evident that their masses will be in the propor- 
tion of n« : 1. 

te., Mass of element at P : Mass of corresponding element at p 
= : m. Also, ii op = x, then O P = w £c. 

Mom, of inertia o/AB abotU O = 2 w x (nx)^== n^2m x^, 

and, Mom. of inertia of ah abotU O = 2moi^, 

Mom.of inertia of AB : ) . , /yvtt\ 
Mom. of inertia of a 6 / - " ' ^ (^y ii) 

Thus, if two flywheels are made from the same drawing, but 
the scale in the one case be 4 inches to the foot, and in the other 
1} inches to the foot, then their like linear dimensions will be 
inversely as the scales to which they are drawn, that is : — 

Ske of first wheel : Size of second wheel = : 4 = 3 : 8. 

.'. Mom. of inertia of first wheel : Mom. of inertia of second 
wheel = 35 : 86 = 243 : 32768 = 1 : 134-8 nearly. 
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Centripetal and Centrifugal Force. — If a bocly is observed 
be tnoving in a curvi linear path, either with uniform or varia*"fc*J 
speed, we at once infer tliat it ia being continually acted up>OJ 
by some deviating force directed towards the inside of the cur ^v^^ 
In the case of a body moyinj^ in a circular path, that deviati^^ 
force must be directed towards the centre of the circle. Heim^^ 
a body may be made to move in a circular path either by having 
it attached to a fixed point (the centre) by an inextensibl^ 
stringj or by compelling it to move in a circular groove, Th^ 
necessary deviating force is supplied in the first case by th^ 
tring attached to the body, while in the second case it i* 
Supplied by the sides of the groove. In either case this 
centrally-directed force is called thf^ Centripetal Force, while 
its reaction is called the Centrifngal Force. These terms majr 
be defined as follows : — 

Definition. — Centripetal Force is that force which a guiding 1 
body exerts on a revolving body in order to compel the revolving J 
body to move m its curvilinear path, and is always directed 
towards a fixed centre. 

Definition, — Centrifugal Force is the force with which 
revolving body reacts on the body that coEstrains it to move in! 
a curved path, and is equal and opposite in direction to thej 
force vrith which the constraining body acts on the revolvii 
body. 

Centripetal Force = Centrifttgal Force. 

We stated in Lecture XX, that when the velocity of a bod| 
changes J whether in raagnitade or in direction, the velocity Q 
said to be accelerated, and we have there shown how to measur 
this acceleration in the case of a particle moving with unifori 
speed m a circle. Thus, the radial or centripetal acceleration is 
there shown to be : — 

£f = — - 

r 

Where, v = Linear velocity of the particle io the eircle, 
and, r = Hadiua of the circle. 

But an acceleration of a body can only be produced by the 
fiction of some force on it, and in the last Lecture we have 
ihi>wi\ bow tliis force is measured when the weight of the body 
mixA the aooelcratioii are known. Hence : — 
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let w = Weight of particle moving uniformly in a circle. 
» v = Linear velocity of particle in circle. 
» r = Eadius of circle. 
n ^ = Centripetal or centrifugal force. 



» = Centripetal acceleration = ~ , 



Hen, Y = -a = — 

^e may, however, establish the same result 
manner as follows : — ; 

Let P be the position of the particle at any instant, and Q 
its position after a small interval of time, t. If no force acted 
on the body during that small in- 
terval of time, it would move along 
the tangent P T, and at the end of 
the interval be found at T, such 
that:- 

= vt 

Bat Q is its actual position ; there- 
fore T Q represents the deviation due 
to the centripetal force during that 
interval of time. Join Q A. 

Then, TQ = la«2 

Centbifstal Force. 

But, since P T and Q T are very 
«nall, T Q A will be very nearly a straight line. 

PT2 = TAxTQ [Euc. III., 35] 
„ = (QA + TQ) X TQ 
„ = QA X TQ + TQ2. 

In the limit, when t is infinitely small and, therefore, Q 
infinitely near to P, we may neglect T Q^, and put Q A = P A 
= 2r. 

This is the same result as obtained by means of the Hodograph 
in Lecture XX. 

6 



. . (XVIII) 
in a different 
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CentriAigal force = ~ a ^ 

Let — Angular %*elocity of i-adiua O P. 
Then, « = wr, 

T^'^^'^. .... (xi:^\ 
gr g I 

This shows that the centrifugal force is proportional to 
square of the angnlar velocity of the particlej and to its distant?*^ j 
from the centre of rotation- 

We may now show that a similar expression holds good fo* 
the caie of an extended rigid body turning about an axis. 

Taking any particle of the body of weight and at a distance 
a; from the axis of rotation^ we get : — 



C&nt force of the element = 



9 

Ctntn forte of whole body = 

Butj 2 1;; a? = W r. 

Wheare W — Weight of bodyj 
And f =: Distance of centre of gravity of body from aiia 
of rotation* 

P = ^ (SS) 

Hence, if the axis of rotation passes through the centre of 
gravity of the body, the centrifugal force is nU, If, however, 
the body be unsymmetrical about the axis of rotation, there may 
be, as explained in the next Lecture, a centrifugal couple tending 
to twist the axis of rotation and make the body rotate about 
some other axis. 

Example YIII. — A railway carriage weighing 4 tona is moving 
at the rate of 60 miles per hour round a curve J mile in radius. 
FLud the pressure on the rails due to centrifugal force ; also, 
how much the outer rail should be higher than the inner rail in 
order that the pressure may be equally distributed on both ? 
The distance between the rails ia 4 feet 8J inches* , 

AN3WEE.-^Here, W = 4 x 2240 lbs.; r - } x 5280 = 1320 
- ^ CO X 5280 „o . 

feet; 17 = 60 X 6Q" ^ 



Centrifugal"! ^ ^ ^ 2240 x 88 x 88 

force ^ | = = 32 X 1320 = 1642-7 lbs. 



J 
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, if both the inner and the outer rails were on a level, 
tiie flanges of the wheels would press on the latter with a force 
on642'7 lbs. By raising the outer line of rails above the level 
of the inner one, the carriage may be made to lie on an incline, 
and the outer rails thus relieved of the centrifugal pressure. 

I^t A = Height of the outer rail above level of the inner rail. 
}) I = Distance between the rails = 4 ft. 8i ins. = 561 ins. 
» F = Centrifugal force on carriage 1642*7 lbs. 

Then, as a question on the Inclined Plane, we get : — 

F 1642*T 
^ = W""^^ 4 X 2240 = ^^'^ 

Straining Actions due to Centifragal Forces.-— Whenever a 
bodj rotates about an axis, the material of that body becomes 
strained by reason of the centrifugal forces set up. Thus, in 
the case of a flywheel or pulley, the centrifugal forces set up 
maj be sufficient to tear the rim from the arms, the arms from 
the nave, or to burst the rim. In Lecture XVIII., Vol. I., 
we explained the effects of the centrifugal forces acting on a 
belt when moving over a pulley with a high velocity. We 
there showed that the tensions in the two parts of the belt 
were increased by the centrifugal action on that part of the belt 
which is in contact with the pulley. We shall now show that 
limilar effects occur in a rapidly-revolving flywheel or pulley. 

Suppose we have a flywheel built up of segments, each' 
s^ent being attached to an arm, while they are also attached 
to each other by dowels and cotters, or bolts, &c. Let the 
weight of each segment be W; the distance of its centre of 
gravity from the axis of rotation, r, and the angular velocity 
of the wheel, u. Then, neglecting the assistance afforded by 
the connection between the various segments, it is obvious 
that the tension in the arm to which the segment is attached 
is:— 



The arm must, therefore, be made strong enough to withstand 
tins stress. 

Again, in the case of a solid rim, the effect of the centrifugal 
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IbroM ia to biirtt it along a section made by a plane containing 
th^ axi* ot^ th« ahaft* Let the figure represent the rim of a fly- 
wheel. Then, in order to cal- 
culate the stress in its material 
at any section, A B, made by 
a plane containing the axis, 
O, consider the effects of a 
thin slice of the rim at a 6. 

Let W = Total weight of 
rim. 

„ r = Mean radius of 
rim. 

„ X = Length of small 
arc a 6 of mean 
rim. 




@Taw 1!^ Um iw FtYWMtvL Dci 

4U UHNTHlkl'UAU FviKCK, 



w = An<?ular velocity 
of wheel. 



Weif^ht o/ hUc^ a b Arc ah of mean rim 



L xrcum/erence of m^an rim 
W 



X 



Tha oeutrifugal i\n\H> of the element at a 6 is : — 

Thia for(5e acta thi\>ugh the eg, of the element. Resolve / in 
(lireotiona mrallel and perpendicular to A B. The latter com- 
ponant only ia eifeotive in producing stress at the sections 
A ftnd B, 

Streaa at »ecHmis A ami Bdue\ ^ /.^^^ ^ ^ ^ ^'^ ^ xam6 
to cent,/oro^ on element ah ) ^ncg 

Where, ^ = ^A0/ 

From a and h drop the perpendiculars a m, 6 n on A B, and 
fhrough a draw a h perpendicular to h n. Then ^ahh = & 
and flj sin ^ «- a A = m n. 

Stress at sections A and B due \ ^ W >^ ^ ^ 
to cent force on element ah ) 2^g 

Continuing this reasoning for all the slices from A round to B, 
and adding the results, we get : — 
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let A = Area of section of rim at A, or B, in square inches, 
)) p = Stress in lbs, per square inch over section. 
» w = Weight of a cubic foot of material of rim. 

Then p — -^^^^^ stress over section at A or B 



Or, 



Area of section 
W (ti^r 



p = - 



A 2^r^A' 
But, W = Area of cross section of rim in sq. ft. x 2^rw, 

14:4: 

Substituting this in the last equation, we get : — 

P-is^ (^xi) 

Or, if ?i = Revolutions of wheel per second, 
d — Diameter of rim in feet, 
V — Velocity of rim in feet per second = w r. 

iiien, p = — - lbs. per square mch. 



Or, 



p = 



144 gr 



(XXII) 



IVom this we see that the stress per square inch does not 
depend on the cross area of the rim nor the diameter of the 
vheel, but only on the density of the material and its speed. 
It will also be observed that the centrifugal force in the rim is 
simiJar in effect to a hydrostatic pressure on the inside of a 
cylindrical vessel. 

Example IX. — A flywheel, 21 feet in diameter, makes 100 
revolutions per minute. The weight of a cubic foot of its 
material is 448 lbs. Find the intensity of stress on a transverse 
section of rim, assuming that it is unaffected by the arms. If 
the safe stress permissible in the material is 6,000 lbs. per 
square inch, what is the greatest speed at which the wheel can 
be run with safety 1 
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Answer. — Here, w = 448 Iba. per cubic foot; d « 21 
n ^ -gQ- — ^ revolutions per seoond. 

Therefore, from equation (XXII), we get : — 
Stress in nm^p = -^/^g 



Or, 



144 X 32 



= 1176 -4 lbs. persq. 



J^ext, let n = Maximum number of revolutions per second 
which the wheel can make without bursting, 

^ ^ 

Then, from the previous formula : — p — — — * 



Substituting p = 6jOOO, and the values for the other let 
we get : — 

12 /32 X 6000 

" 22 V ' — 448 ^ ^'^^ ^ ^^^"^ 

^ X 21 



NoU. — Students should refer to the author Text- Book oh ^eam and 
Steam Enginm^ Lecture XYII. , for a discussion of the effects of the inertia 
of the rnoTlng parts of od engiue^ 
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Lecture XXII.— Questions. 



i of ] 



L Spnd radius of j 



I of » body . 



L . Define the terms moment < 
Find the mament of iDertia of rectaaji^ular lai 
one edge ; secondly, with respect to a diagonal. 

2. An axia is drawn through the centre of gravity of a body whose mass 
ia M ; a second axis is drawn parallel to the former and at a disttance^ 
from it. If I denotes the moment of inertda of the body with respect to 
the firat axis, show that the mouient of inertia with respect to the second 
msLiB IB I 4- M h-^. A fine wire of utiiform thickness is pent into the forni 
of a circle whose radius i& r- tind its moment of inertia with respect 
to an axis passiiig at right angles to the plane of the circle through a 
point in the ciroumference. (8. A. Thcor* Jilechfl, Adu^. Exam.^ 1H7S.) 

3. State and prove the theorem of momenta of ioertia for parallel ^os. 
Find the moment of inertia of a cylinder about a line perpendicular to its 
axis through its mid points (S. & A, Theor. Mecha. Hons. Exam.) 

4. A wheel and axle are composed of the aame fipecific gravity. The 
wheel is 4 feet radius, and 6 inches thick. The axle is 6 inches radius and 
4 feet long. Find radius of gyration of the whole about the axis. Am, 
k = ^/7^125 = 2 '67 ft. 

o. The rim of a fly wheol is rectangular in section, 6 inches wide^ outside and 
inside radii 6 and 5 feet respectively. The nave is cylindrical, 2 feet long 
and 1 foot in diameter. There are eight cylindrical spokes of 4 inches 
diameter. Find the raditis of gyration of the wheel. Ans. 3 "7^ ft, 

6. Show that the kinetic euergy of a body revolving with an angular 
velocity, m, about a given axis ^1 si^, where I denotes the moment of 
inertia of the body with referenoe to the axis. A wheel has a mass of 
30 tons, which may be supposed to bo distributed nlong the circumference 
of a circle S feet in radius ; it makes 20 revolutions a minute ; find ita 
kinetic energy in foot-pounds. (Adv» Theor. Mecbs. Adv^ Exaul, 1833.) 
An». 295,<K10 ft. -lbs, 

7. Find the moment of inertia of a rectangular lamina about an edge. 
A retongnlar lamina^ whose shorter edges are 4 feet long, turns round one 
of its longer edges 50 times a minute. It weighs 441 lbs. ; tind its kinetic 
ener^. (S, & A. Theor. Mcchs. Adv. Exam., 1SS«.) An^, 1008*3 ft,-lbs. 

8. When a rigid body turns round an axis, what relation exists between 
ita angular velocity and its kinetic energy ? A rod of uniform density can 
tnm ^eely round one end ; it is let fall from a horizontal position ; what 
is its angular veloeitiy when it reaches its lowest position ? Prove your 

equations. (S. & A. Theor, Meohs, Adv. Exam., 187S.) Ans. *r — 



9* How do you estimate tlie total energy possosaed by a body when 
moving with both translation and rotation ? Find the velocity of the 
centre (1) when a hoop, {2) when a dtse, and {3) when a sphere rolls down 

an Incline d plan e of height, h. Ans. {1} v = fJgK (2) i? = ^a/^' 



10, Sketclx, ftnd ©xplain the principle of the aetitin of^ a fly- press f 
stamping inetala* If a velocity of 5 feet per second ia given to the ba-t 
of s'Qch a press, and tbeir motion is stopped after the screw has made o~ 
quarter of a turn from the time that the die touches the metal, the pi 
of the screw being i ii^'^h ; find the weight of the balls^ so that the pressm^ 
eiertcd may be 4,000 lbs. Ans, 26 67 lbs. each. 

IL Two weights of 100 lbs. eaeh are placed at the ends of the arms of 
fiy-presa, and are moving with a velocity of 12 feet per second. H" 
many foot-pounds of work must bo expended in bringing them to rea 
Hence explain the mechanica.1 action of tbe fly-press as a machine f 
punching or stamping metals. Jm. 430 ft.4bs. 

12. In a fly-preaa there are two weights, each of 60 lbs,, placed at t* 
€(nda of an arm which driv^ the screw ; snd the velocity of each iveight at 
the instant of striking the blow is 10 feet per second. The die at the end 
of the aorew moves through inch in coming to rest ; what rae-TJi statical 
pressure does it exert on the metal subjected to the operation of stamping? 
Jns. 22,500 lha. 

13* In a fly -press for stamping metals a ball of 70 lbs. is placed at each 
end of the lever attached to the head of the screw. At the moment of 
striking the blow the weights have a velocity of 550 feet per minnte, and 
the die at tbo end of the screw indents tbe metal to a depth of ^ inch 
before coming to reat. What wonld be the mean statical pressure exerted 
on the metal? (S. & A. Eitam., 1S93.) ^ns. 2G,4(iS*75 lbs. 

14. Prove that the kinetic energy of a train of railway carriages 

moving with velocity, t\ is |^ W + v; ^ 1 + | ft. lbs., where m 

denotes the weight of the wheels and axile^ } W the w'eight of the rest of 
the train ; r the radius of the whceb, and k the radius of gyration of a 
mir of wheels about their axis, the units being feet^ lbs., and £ecouds. 
Determine the a'jcckration with which the traui would freely descend an 
incline of inclioatioD, 

15. Deiicribe and show by the necessary sketches the eonstruction of a 
fly-presa for punching holes ia iron plates. In such a press the two balls 
weigh 30 lbs. each, and are placed at a radius of 30 inches from the ai^is 
of the screw, the screw itself being of 1 inch pitch. What diameter of 
hole could be punched by such a press in a wrought- iron plate of | inch in 
thickness ; the shearing strength of the metal being 22-5 tons per square 
inch ? (Consider that the balls are revoking at the rate of 00 revolutions 
per minute when the punch comes into contact with the metal, and that 
the resistance of the plate is overcome in the first sixteenth of an inch of 
the thickness of the plate.) (S. <St A. Adv. Exam., iSOdO Aiu. 1-12 ina. 

16. A pendulum bob weighing 20 lbs. is suspended by a wire, the length 
from the point of suspension to the centre of the bob being 16 feet. The 
pendulum swings through an angle of 30" on each side of the vertical? 
Bod its potential energy when in the highest position, and its velocity when 
imssing the lowest point. (S. k A. Adv. Exam., 1B05. ) A}is. 42 ft. lbs.; 
1372- 16 ft. per second. 

17. A flywheel weighs 10,000 Ibs.^ and is of such a si^e that the matter 
composing it may be treated as if concentrated on the circumference of a 
circle 12 feet in radius; what ia its kinetic energji^ when moving at the 
rate of 15 revolutions a minute ? How many turns would it make before 
coming to rest if the steam were cut off and it moved against a friction of 
400 lbs. exerted on the circumference of an axle 1 foot in diameter! 
(S. k A. Theor. Mechs. Adv. Exam., 1BS6.) Ann. 55,520 ft.-Ibs.; 44*2 
turns* 
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I& The sectional area of the rim of a cast-iron flywheel is 12 square 
Inches, and the mean radius (or radius of gyration) is 25 inches ; what is 
the Jdnetic energy at 150 revolutions per minute ? What moment of con- 
stant magnitude, and acting through one-quarter revolution, would increase 
the speed to 155 revolutions per minute at the end of the quarter revolu- 
tion? What would be the length of a solid wrought-iron shaft, 5 inches 
in diameter, rotating at the same speed and having the same kinetic 
energy? (C. & G. Mech. Eng. Hons. Exam., 1884.) Ans. 35, 707, 000 ft. -lbs. 

19. Prove the formula for the energy stored up in a flywheel on the 
supposition that the whole of the material is collected in a heavy rim of 
given mean radius. Apply the formula to show (1) the effect of aoubling 
the number of revolutions per minute ; (2) the effect of doubling the 
weight ; (3) the effect of increasing the mean radius in the proportion of 
3 to 2. (S. & A. Exam., 1890.) 

20l The rim of a flywheel weighs 9 tons, and the mean linear velocity of 
its mass is assumed to be 40 feet per second ; how many foot-tons of work 
are stored up in it ? If it be required to store the additional work of 
9 foot-tons, what should be the increase of velocity? Ana. 225 ft. -tons; 
079 ft. per second. 

21. A flywheel weighs 24 tons, and its mean rim has a velocity of 
40 feet per second. If the wheel gives out 10,000 foot-pounds of energy, 
how much is its velocity diminished ? (S. & A. Exam., 1888.) Ajis. 1*455 
ft. per second. 

JS. A flywheel weighing 5 tons has a mean radius of gyration of 10 feet. 
The wheel is carried on a shaft of 12 inches diameter and is running at 
65 revolutions per minute ; how many revolutions will the wheel make 
before stopping if the coefficient of friction of the shaft in its bearing is 
0*065? (Other resistances may be neglected.) (S. & A. Adv. Exam., 
1896.) Ans, 354*66 turns. 

23. A particle of given mass moves with a given velocity in a circle of 
given radius ; state what is known as to the force which acts on the 
particle. Prove the statement (S. & A. Adv. Theor. Mechs. Exam., 
1896.) 

24. If a locomotive weighing 55 tons runs round a curve of 1,200 feet 
radius at 20 miles per hour, what is its centrifugal force ? How much 
higher in level should the outer rail be laid than the inner rail in order 
that the resolved part of the weight of the locomotive should balance this 
centrifiigal force without pressure being exerted by the outer rail, the 
gauge being 4 feet 84 inches? (C. & G. Mech. Eng. Hons. Exam., 1884.) 
Am. 2760-6 lbs. ; 1 -27 inches. 

25. Prove that a railway carriage runnin g rou nd a curve of radius, r, 

^ upset if the velocity is greater than y^^^> where a is the distance 

hetween the rails, and h the height of the centre of gravity of the carriage 
above the rails. 

26. Show that by raising the outside rail of a railway track in going 
round a curve the tendency of the train to leave the rails is diminished, 
and that if ^ be the inclination of the floor of the carriage to the horizontal, 

When there is no lateral pressure, tan d = — , where r is the radius of the 

curve, and v the velocity of the train. Hence show that on a 5-foot track, i 
round a curve of one-eighth of a mile radius, that for a mean velocity of 
90 miles an hour the outside rail ought to be raised 5} inches above the 
level of the inside rail. 



Jl^ %iicbr aBNK 3L ii 'nmftF- nibL at nmiiicssL i&u^ tiat it mnt 
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am^msoQi- "fe^ jimt dai wasnaf «ic sot w ri^in F (if t gy* <zii«ie, mi of tiis 
aHBni;^^4iii»isr<df !AK;kMq^ A tiMrn wii^ji i nif 1^ Uml, iaa trmpd to one 
«fiCi if menifi « te: Jivr i» wwiiint annmL 3l & *inmtt <k vkie& the threid 
m-iiMtTitiasmz -vqbb iiidL jitr iift ^Bsiaoizr «be thread is a 

A. A w^imc a :&r<«aiHL mdst attjcaL ts uttedb st is attached wei^ 
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LECTURE XXIIL 

Contents. — Governing of Eoginei ~ Watt*« Governor — ActioD of 
Wfttt^a Goveruor — Theory of Watt's Governor— Conical Peiniulitm— 
Exjvuiple L — Common Petiduluni Governor — Crossed- Arm Governor— 
PamliolLC Gove mora — GalLjway'a Par&bolic Governor — Porter s loitfieil 
Governor — Theory of l*orter*« Governor— Example II, — ^Spring loatld 
GovcrntirB — Proell'fl ftn<l Hartneirs Spring Govemora—Macfarliuie'a 
Safety Governor — Willana' Spring Governor— Pickering Governor- 
Governing liy Throttling and Variablo Kxpansion— ?^httft Governors 
^ — Rola.y s — IC n o w lea ' Sn pplomen tal * I o vc! rn or — I nertia Go vern oi'i — 
FlywheeU— Baknt'ing Mftcbinery— VVcaton 8«lf-bftknt;ing Ceiitrifu|»L 
Mauhiiie^ — Queations. 



Governing of Engines** — For many purposes to which engines 
are applied^ it is necessary that they should maintain a imi^ 
form speecL Owing to variations of loiwl and of preaaure on the 
pis ton, they mnat have some regulating device, in order to 
aocompliah this object. Fluctuations of the speed of a steam 
engine are of two kinds, (!) Those which occur during the 
time of a revolution, and are pe}%odic^ being caused by the 
varying pressure on the piston, and obliquity of the connecting 
rod. (3) Those which are due to change of loa^, or Ixjiler 
pressure, and are nnt periodic. To control the first of these m 
far as possible, an on^^ine is fitted with a Flywheel, and for the 
second a Governor ia also required. 

* The followLtig id a liBt of books and papers treating of govemora aJid 
governing : — 

Paper on '*The Electrical Regnlation of the Speed of Steam Engines," by 
P. W, Willans. Pror. ImL 1885, vol. btxxi., p. 160. 

Paper on **A New Method of Investigation applied to the Action of 
Steam Enj?ine Governors, " by Prof DwelBhanvera-Dery of Li^ge, trans- 
lated by Michael Longridge* Proc. Imt. 18S3, vol. x civ., p. 310. 

paper on **T]io Cyclical Velocity- Variations of Stea,m and other Engines,-' 
by H. E. Ranaom. Proc. ImL (I.E., 1889, vol xcviii., p. 357. 

Paper on The Application of Governors and Flywheels to Steam Engines," 
by Prof. Dwelshauvera-Dery, translated by Bryan Don kin. Pr^ 
Inst. C.E,, 1891, vol. civ., p. 196, 

paper on " Flywheels and Governors,^' by H, Ransonit Froc. InsL CBi^ 
1892, vol cix,» p. 330- 

Paper on "Steam Engioe Governors and their InsafScient Regulating 
Action with Extreme Variations of Load/' by Prof Dwelshauvers-Deiy, 
translated by Bryan Don kin, Proc. IuhL O^E., 1892, vol. ex., p. 21%* 

Paper on '*A Method of Testing Engine Governors," by H, B. Ransom. 
Proc Jm, C,E., 1893, vol. exiii, p. 194, 
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A governor is a piece of mechanism which regulates the 
I amount of steam supplied to the engine, to suit the work it is 
doing, whereas, as explained in the previous Lecture, a fly- 
wheel acts in virtue of its inertia, so as to distribute throughout 
a whole revolution the energy developed in the cylinder. The 
governor can have no effect whatever on the periodic variations 
of speed, since it can only act during the time that steam is 
being admitted to the cylinder. With regard to the irregular 
fluctuations of speed, due to a change of load, the flywheel makes 
them more gradual and thus gives the governor time to act. 
A great many varieties of governors have been invented 
since the introduction of the steam engine, such as hydraulic, 
centrifugal, inertia, and electrical governors. By far the greatest 
number, however, depend for their action on centrifugal force 
and inertia, and since these form useful examples of the practical 
application of the principles enunciated in the previous Lectures, 
we shall now confine our remarks to such governors. 

Watt's Governor. — One of Watt's important inventions was 
his conical pendulum governor, as applied to his double-acting 
engine.* This governor consists of two arms, A A, carrying 
heavy balls, BB, and pivoted on a pin, P, passing through 
the centre of the vertical spindle, V S. The upper ends of 
these arms are bent, as shown on the figure, and are connected 
by short links, L L, to the sleeve, S. This sleeve is free to 
move vertically on the spindle, V S, but is made to rotate with 
it by a feather, F, and corresponding key way. This sleeve acts 
on one end of the bell crank, B C, and thus moves the rod con- 
Paper on " The Mechanical and Electrical Regulation of Steam Engines," 

by John Richardson. Proc. Inst. G,E., 1895, vol. cxx., p. 211. 
Paper on "Governing of Steam Engines by Throttling and by Variable 
Expansion," by Capt. H. R. Sankey. Proc. Inst, 1895, p. 154. 

Paper on " Stesun-Engine Governors," read before the Manchester Associa- 
tion of Engineers, by C. F. Budenberg, M.Sc. See The Practical 
Engineer, 17th April, 1891, vol. v., p. 258. 
A aeries of articles on ** Engine Governors," by R. G. Blaine, M.E., in 
The Practical Engineer, beginning 13th June, 1890, vol. iv., p. 386, 
and ending 24th April, 1891, vol. v., p. 277. 
Article on " A New Shaft Governor," by E. J. Armstrong, in The Practical 

Engineer, 26th July, 1895, vol. xii., p. 71. 
Article on " Shaft Governors," by E. T. Adams, in the Electrical World of 

New York. July, 18S6. 
See Index for Governors in Gas, Oil, and Air Engines, by Bryan Donkin, 
published by Charles Griffin & Co. 

Steam Engine, by D. K. Clark (Blackie & Son), chap, v., on 
^ Governors, p. 65, half- vol. iii. 

* See the Author's Text-Book on Steam and Steam Engines, Lecture 11. 
for a description of Watt's engines. Also Lecture XIX., Volume L, of thi 
wok for an illustration of same. 



hmiVUE XXIIJ. 




nected to the throttle vaXve of the engme. The vertical 
may be driven by the engine by means of a, belt or rope i 
round a pulley keyed on it, or by bevel wheels, aa abown 
BW. In ordet to relieve the pin, P, the arms are driven by 
the guides, G G, which are fijced to the vertical spindle* 

Action of Watt's Governor.— The governor is so adjusted, that 
when the engine is working at its normal speed, the balla rotate 





Watt*s PB!n>t3xnK Govbbkob. 



at a certain distance from the vertical ^^pindlej and thus the 
throttle valve is kept sufficiently open to maintain that speed. 
Should the load be d&sr eased, the speed of the engine, and there- 
fore that of the governor hall a, naturally hecomes greater. This 
causes an increase of the centrifugal force ot the balls, and 
therefore they diverge further, thereby pulling down the sleeve, 
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and partially closing the throttle valve, which diminishes the 
supply of steam and the power developed by the engine. On 
the other hand, should the load be increased the reverse action 
takes place, the balls come closer together, the sleeve is raised, 
the throttle valve opened wider, and more steam admitted to 
the engine. It will thus be seen that a change of speed must 
take place before the governor begins to act ; further, that for 
any permanent change in the work to be done, there is a per- 
manent alteration of speed. For each particular load on the 
engine, the throttle valve will be opened by a definite amount, 
which will be different for different loads, and each position of 
the valve has a corresponding position of the governor balls. 
But, as will be shown further on, each position of the balls 
correspozids to a definite speed, so that there will be a particular 
speed for each different load 
nieory of Watt's Governor — Conical Pendolam.— Let the balls 




Theory op Watt's Governor. 



be rotating about the vertical spindle with a uniform velocity. 
Then the several forces acting on the different parts of the 
instrument are in equilibrium with each other. The arms, A, 
will describe the surface of a cone, B P B, whose height is 
P C, and for a given velocity of the balls there will be a definite 



LECTURE ZXIIL 



height of this cone. It will be sufficient to consider one ball 
and arm, since what is true for one will be true for tbie other. 

Let w = Weight of one ball in lbs. 
„ r - Velocity of balls in /eel per second. 
„ /* = Height, P C, of cone in feet. 
„ / = Slant height, P B, of cone in feet. 
„ r = lladius, B C, of base of cone in feet, 
„ T = Tension in one arm, A. 

Thoro aro tliroo forces acting on the ball, B, viz. : — 

(1) The weight, ic?, of the ball acting vertically downward- 

(2) The oontrifugal force, wv^ g r, acting in its plane of 
rotation, and in the direction C B. 

(3) Tho tension in the arm. A, acting in the direction B P. 
These throe forces keep the ball in equilibrium, and can, 

thewfore, l)e represented, in magnitude and direction, by the 
three sides of a triangle taken in order. If we draw a triangle, 
liaving its sides parallel or perpendicular to the directions of 
these forces, the lenvjths of the sides of this triangle will be 
proportional to the forces respectively. Now, such a triangle 
exists in tho titruro itself — viz., the triangle PCB — the sides of 
which are parallel to the three forces : — 



w V ^ v 



,2 



Hence, /t : r = : = 1 

9^ 9^ 



A = -^,and-"= J^. 



If ^ = time in seconds of one complete revolution of balls, 
n = number of revolutions per second, 

Then, tv = 2 cr r, and n = \. 

Substituting these in the previous equation we get the 
following important formulae : — 

= 2-: = 2<r^ (I, 

That is, the period of rotation is proportional to the sqttare root of 
the height of the cone. 
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Or, if N be the number of revolutions per minute » 60 w, 

Then. N = J (Ji.) 

That is, the number of revolutions, or the speed of the engine 
or governor^ varies inversely as the square root of the height of 
the cone. 

Equation (11^) may be written in this useful form : — 

. 302^ 1 2936 ^ , 

* = N2 = Tf2-^«o*- • • (lift) 

Or, the height of the cone depends ordy on the speed of rotationf 
and varies inversely as the square of the number of revolutions. 

Let the speed of the governor he altered from to 
revolutions per minute, then the heights of the cone corre- 
sponding to these speeds are : — 

2936 2936 
Ai = ^,andA2 = -^. 

Therefore, for a change of speed from Nj to revolutions per 
minute the height of the cone will be altered by the amount : — 

h 29^6/"^ ^^ 2936(Ni^N;) 
h^^h^ = 2936 (^si^ nL> = NfNl • <™> 

If, however, the height of the governor be kept constant, and 
equal to A = centrifugal force will change from 

to J or from — jww^ to — , and the difference will 

g r ' 900 g 900 g 

produce a tension, or a thrust, in the links L L. If be the 

tension, or thrust, in one link L; 1, 1^, the lengths of BP, 

ED, P E ; and d^, their inclinations to the vertical, then 

by taking moments about P, we have : — 

Tg X l^ cos + ^2 - 90) = |^'(N3^NJ) X A, 

"^2 - 900^2^ sin + ^a)' 

Now, the vertical force acting on the sleeve, which is avail- 
able for overcoming friction, and may be called the working 
tff<yrt for that change of speed, is the vertical components of 

7 
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the ^treflfiae in the two Htika L L, These two streas^i 
equal 

The tmrking effort ^ 2%cm 



450 g 



cos 4^ 



sin (^j §^ 



450 igi? sin {^1 + 
2i£^ r cog ^, (N;^N?) 



( 



It is uaiial for F E and E H to be toAde equ&l in length, mi 
then ^1 « nearly, unless H K be great. In that case : — 



sin Hf 

gr ^ sin ^ ( N| ^ Mf) 



* (IT.) 



If^ ftirtlitir, d =^ ^Ijj, which will always be the case when the sleeve 
ii attached to the arm below the point of auspension, ae in 
next form of governor, then : — 



The working effort = 



Z.Hi * 



4 



(IT,) 



It ahould be noteti, however, that this ia the effort exerted 
by the governor when it is jaBt starting to move. The working 
effort becomes smaller and amalter as tbe balls rise, until, when 
the balls have attained the position corresponding to the new 
speed, it is nil. 

The movement of the sleeve, eorresponditi^ to an alteration 
in the height of the cone, is beat determined graphically by 
drawing the centre lines of the arms and links to scale for 
different positions of the balls. 

ExAMPLB I,— Find the rise of the balls of a pendnlnm gov- 
ernor, when its speed is increa^ied from 60 to 62 revolutions 
per minute. Find also the height of the cone of revolution 
at the lower speedy and the working effort^ if the balls weigh 
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22 lbs. each, and each arm is jointed to the link at two-thirds 
of its length below its point of suspension. 

Hera, Ni = 60, Nj = 62, rise of haUs=Ai - A,, = 22, and ^ = |. 
Therefore, from equation (III) we get: — * 



- = -0518 foot or -62 inch. 
Also from equation (lib) : — 

2936 _ 2936 
^ N? 3600* 

hi = -816 foot = 9-79 hiches. 

And from equation (IVft) : — 

The uxn-Mng effort = "^^^V^^^ 

_ 22 X 3 (62» - eO') 
" » - 2 X 60* 

„ „ = 2*237 lbs. 

In this case, as we assume l-^ = I2 and = travel of 

the sleeve will be twice the rise of the point where the link 
joins the arm, and this will be two-thirds of the alteration in 
height. 

2 4 
Travel of sleeve = 2 x g (Aj - Ag) = g x -62 = 827 inch. 

Common Pendnlnm Governor. — A common modification of 
Watf s governor is shown by the following figure. Here, the 
arms A A, carrying the balls B B, instead of being jointed 
together by a pin passing through the vertical swindle Y S, are 
pivoted at M and N to a cross-piece, C P, which is rigidly con- 
nected to the spindle. The links LL, carrying the sleeve S, 
are attached to the arms at the points E and F. 

The formulae deduced for Watt's pendulum governor are 
equally applicable to this case. The only thing requiring 
special attention here, is the height of the cone of revolution. 
The vertex of the cone is always at the point where the centre 
lines of the arms meet. In this case, the arms terminate at M 
and which are at a short distance from Y S, and thus the 
Tortex of the cm» will be a variable point on the centre line 



d thus the i 
atre line of 1 
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ihe verti^l spindle. When the balls are in the position nho 
by the full lines, the vertex is at P, and the height of the cone 
is P C ; but, when the balls move into the new position, shown 
by dotted lines, the vertex of the cone is at P^^ and the height 
of the cone is P' C\ 

The efiect of suspending the arms at a short distance from 
the vertical spindle, is to cause the movement of the sleeve to be 
lesa for a given variation in the height of the governor, than 
would be the case were the centres of suspension in the vertical 
apindle. It will be apparent from the figure, that the effective 
variation of height is C ^ (F C ^ P' C) - P P' = (h. - 
— PP', instead of ~ h^j as in the previous case. Hence, 




CoMMOK Pendulum Govmnob- 

this governor is le^ smsilwe than the former, since the speed 
must vary between greater limits for a given movement of 
the sleeve. The smi^itiveness of a governor depends on the 
movement given to the sleeve for a given variation in speed, 
and also on the smallness of the time taken by the governor 
in adapting itself to its new position- In order j therefore, to 
increase the sensitiveness of this form of governor it is necessary 
that the points M and N should be as near the vertical spindle 
m possible. 

CrofiBed^Arm Governor, — The special feature in which this 
governor difem twm the former ones isi that the arms are 
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suspended from pins placed on the opposite sides of the spindle 
to tbatofiheir balls. From an inspection of the figure, it will 
be apparent that crossing the arms in this manner causes a 
greater movement of the sleeve for a given variation in the 
height than in the pendulum governor. The rise of the baUs in 
tliis case is : — 

CC = PC - FC + PF = (Ai - A2) + 
The sensitiveness of this governor is therefore much greater 
than either of the two previous forms. By properly propor- 



I 




\ 

Cbossed-Arm Govbrnob. 



tioning the lengths of the arms and N M, so that the balls move 
out and in, along a curve which is approximately a parabola, 
this governor may be made almost isochronous, and, therefore, 
extremely sensitive.* It will be noticed that the sleeve of the 

* A governor is said to be isochronous when its speed of rotation (and, 
therefore, the height of the cone) is the same for all positioii&oi t\ieb«.Vl& 
within its raD^ct, 
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nek C gem witk i 

]wf« been BO eonBtmeted 
m A tralj pumbolic patJ}^ 
bi^ owing ta their com- 
g^nerml nm* Witli anj 
qwed iiMnwiM^ aomewhat before 

the CKtim eentrifbgal force ib &ble to 
^mnoM Ibe frietaoo resisting the 
BOtiAiii Df llw ttnks, sleere, TaJre, 4a, 
mnd if it h& abaolntely iaoehranoiig, 
wbe&erer tlie friction is overcoine the 
bftlls would ri^e right up to the top 
of tli^ir raogei ftnd remain there nam 
the speed has &l]en sufficiently for 
gmvitj to resspert itself and overcome 
the fri^^on, vbicb would now tend to 
keefi the b&lk up. They would then 
come down to the bottom of their rsnge^ 
and there would thus be continual 
bunting, Snch & governor would there- 
fore be wanting in stability or steadi- 



QftUowi^s Parabolic GoTemor.— From 
the illustratiou it will be seen, that in 
this type two cylindrical rollers take 
the place of the ordinary balls in the 
previously mentioned governors. Theae 
rollers are auapended at each end by 
liaks from a crosahead fixed to the top 
of the governor spmdle, and naturally 
rise and &11 in circular arcs with these 
links as radii. They move along para* 
l»olic slots cut in a weight W, which 
rotates with the spindle, but is free to 
rise and fall along the eame* By this 
arrangement, the moment of the centri- 
fugal force of the rollers is balanced by that of the weight at 
nearly the same speed for all positions. Hence^ this governor 
may be considered practically insochronom To the bottom of 
the slotted weight there is sometimes attached a sleeve termi^ 

* See the AppendiJi to Thf Steam Sugine, by Prof. Rankine (ObfUl* 
Grifiin k Co.), and Chapt-er XV, of Practiced Tre^tiwe tm ihA SU&m 
Engine^ hy Arthur Rigg {E. & F. Spon), for descriptions of 
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GOVKRNOR, 

^^T Galloways, Ld, 
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mikg in a collar, ivhich engages the forked lever connected 
to th^ throttle Yalve, or expansion gear; but in this case, a 
central spindle C S, which is carried up inside the main governor 
spifidle, rises and falls with the weight W, and acts directly on 
as equilibrium valve. The governor is driven through gearing 
coatained in the csast-iron box seen at the foot of the vertical 
ooltmin. 

Porter's Loaded Grovernor.— From equation (IT) Bud Ex- 
ample I. we see that the simple 
pendulum governors possess a 
compfiratively small working 
effort, unless the balls are very 
huvj. To overcome this objec- 
tion Porter made the balls 
UQaller^ and loaded the sleeve 
with a heavy weight. This in- 
Mses the height of the cone, 
corregponding to any partieular 
sptifd, and all the forces con- 
tiemwl, and thus gives a greater 
working effort. It can be used 
hih in connection with throttle 
calves and some forms of ex- 
psinsion gear. To minimise the 
osciUations of the ordinary 
Porter governor, Messrs. Clayton 
k Shuttleworth have made a 
cylindrical hole in the top of 
the central weight, and fixed a 
piston on the vertical spindle, 
thus forming a simple air cushion. 

Theory of the Porter Governor. 
—Each of the balls is in equi- 
librium under the action of four 
forces acting in a plane passing 
through the axis of rotation. 
These forces are : — (1) the weight 
of the ball tc, (2) the centrifugal 
foroft to t*^ -i- g and (3) the tensions in the two links^ Tj and 
Let A B C D A lie a polygon representing these forces, A B 
bmg parallel and equal to T-^, B C to Wj CS D to T^, and D A 
to the centrifugal force. If B C be produced to meet A D 
IB Ei then E is equal to the vertical component of T^, and 
must therefore be equal to half the load since this weight 
is etipported by the vertical components of the tensions in the 
two bottom links. 




Poster LoAnfio Gofkbsoe, 

BY TAEfOYES^ LlltflTSn. 
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If the inclination of the linka B P, B H to the vertical, be 0^ 
and ^2 respectively, and the heights CP, CD be denoted by 
h and then, the other letters being the same as before, we 
have : — 

Tjsin ^1 + Tgsin tfg 



wv' 
gr' 



T, cos ^1 = + i W, or T, = !?Jli^. 
And, Tgcos ^2 = i W, or = i^. 



•. ^ — sin ^1 + - — 7 sin 69 



'2 



COS 6^ 1 cos ^2 5^ 



r 



Hence, h 



But, tan = ^; tan tfg = ^; and v = ^ntrn. 

(«; + iW)j^ + iW-^ . 

Or, (t^ + iW)jj; = \-. 

^ A; 
(2 m; + W)gfr 

^ . N ^ 450(20/ + W)grA 

Or, since n = g^, A = -t»N» a; * - 450 W~^, 

This governor is usually constructed with all four links of 
equal length ; then k = h^ and 6^ = 6^ = ^, very nearly, unless the 
distance HK is great, and in our further investigations we 
shall assume that this is so. 

In this case we have : — 

w 

TiSintf + T2sintf= . 

T, cos = + i W, or T, = + i 
1 2 > 1 cos ^ ' 



(V) 



m 
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COS ^ - I W, or T, - 
+ i W) tan ^ + J W tan = 



COB tf" 



Bttt^ tan =^ J and t? — 2 frrn. 



Heiice^ (to -f W) , = 



h = 



w 



w 



w 



Or, 



u; + W 900ff _ w + W 2936 



We might also have arrived at this reanlt by putting h far 
in erjnation {Vy 

If the speed of rotation cban^ from to N,, revolutio 
per minute, the corresponding heights of the governor will be: 



+ W 900 



and A. 



{VII) 



The alteration ia the height of the coae of reTolution would 
therefore be ; — 

With the arrangement of links usually adopted in this 
governor^ the travel of the sleeve is twice the change in the 
height of the balls and equal to 2 {A^ ^ h^. 

Using the simpler equation (VI) we see that: — 

^ ^ -9U0F ^ "'^ 

And, therefore, if the speed alter from Kj to revolutions 
per minute, the load necessary to keep the height of the cone 

conatantj and equal to /i^ f ^ — — — x gr^th '^lil change from — 

w = !^!^^-.toW' = ^^ 



900^ 



900 1? 
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But if the actual load be W, the difference W W is avail- 
able for overcoming friction and moving the valve. This may 
be called the working effort for that change in speed, and is 
equal to: — 

w'^w- ,00^' 

W ^ W « (0/ + W) ' (VIII) 

Example II. — The balls of a Porter governor weigh 4 lbs. 
each, and the central weight 36 lbs. If all the links are of 
equaJ length, find the height of the governor when revolving 
240 times per minute. If the speed increase to 248 revolutions 
per minute what will be the working effort and the rise of the 
balls and the sleeve % 

Here, = 240; Ng = 248; «? = 4; and W = 36. 

^ . /^xv • r w + W 2936 

From equation (VI), = — — — x , 



Or, ^ 



4 + 36 2936 



4 240 X 240* 
= -51 foot or 6-12 inches. 

From equation (VIII), 1 _ / tttv - Nf 
The worUng eff<yrt, ] - + , 

/A o^, 248^ - 240' 
= 2.71 lbs. 

And from equation \, , o^q^ ^ + W / NI - N^ v 
(VII), |^-^2 = 2936 \rmW} 

^ , - 4 + 36 248^ - 240' 

Or, - ^2 = ^y^^ ^ —J ^ 240« x 248'' 

- = -0324 foot or -389 inch. 
Trawd of deeve = 2 (A^ - Ag) = 2 x -389, 
= -778 inch. 



m 



f malbi with time oi Example L, it will 
thai wkili h/A gotcrBiOfm weigh about the same, 
_ i a wotfcii^ ^ort id shout 20 per cent. 

mMlor tlM tkit of the Ww3k% gpvemor, but its travel and 
aetgjbl at* iMk It wiD alio lie aee& from eqaatiom (III) and 
« eN^f where e b a constAnt, that tbe 
MTUiyiiMfin^; to a giveo percentage vanatioi 

MS. — Soon after the introdiictioti of the 
^ Mr Jobn Ri^ftrdscnif of Messrs^ Robej 'k Coit 
1 in which a spring was Bubstituted 
nam vpnmni^^t pnjtiaces a greater working 
I wa^g^ t, balk^ aad coei. A spring has less inertia, 
qvkfclj lhaa a weight, and it has also a 
iloQtag acAo, A gpTemor loaded with n 
ipiriiif can ad in aviy f™*™*, whezeas one with a weight mmt 
wi>rk rerticaJlr, The e^vatlncis Ibr a spring governor n^ay be 
obtain in the mmm war aa for the weighted goveraor^ but tbe 
load W will he ciifierent for di^erent positions of the ball% 
owijig to the vaiying compressaini of the spring. 




SOTcrnora.* — The first of the 



twa folio wing figures illustrate the well- known Proell spring 
governor. It will be observed that a helical spring, contained 
in a cylindrical caae^ snrrounds the governor spindle, and beats 
upon the inner ends of the two bell crank levers, which are con* 
nected to the arms carrying the governor balls. The dotted 
lines show the positions af the hallB fi>r a speed above the 
normal. As thev move out tj this position the spring is oom- 
pressed and the sleeve is raised. It will farther be noticed that 
the links are so proportioned that the balls diverge in nearly a 
straight line. Consequently, when working vertically, the balls 
do not move either with or against gravity. 

It will be observed that there are no less than three pirn joints 
on each side of the Proell governor above the sleeve, at each of 
which there must be friction. In Hartneirs governor, illustrated 
by the neitt l^gnre, there is but one.f 

Here, the governor Wis are fixed directly to the onter ends 
of the bell crank levers, the inner ends of which bear upon a 
collar on the upper end of the movable tube or sleeve, HS, 

* The figure of Proell' b governor is from The Pror, Imi, CM., vol, exit,, 
Seciion I895'96t by kind pemtaBton of the Council, from a paper rc*d 
by John Richardson, M'lnstX, on '* The Mechanical and fflectric&t 
BeguIatioD of Stream Em^nes/' wliicb the student ahotild consult, 

+ 8gq Lecture XVJll. of the Author*8 Ttxt-Book on Sui^m and Sham 
JSngints for a description of an engine to which thia governor is appliedi 



Between tlie top of this collar and the upper end of the holl * 
casting H 0, which is keyed to the top of the goveroor spiinil4 
there is placed a strong helical spring. The lower end of M S 
a double collar engaged by a forked lever, which works anottm^^i 
lever connected to the drag link D actuating the expansions 
valve rod. In the diacussion on Mr, Richardson's paper alre^a^cf ^ 
referred to, Mr, Ktihne states that a Proell governor, weighixv^ 
about 2 cwta., developt^d a working effort of 21 lbs. for o-M 
increase of 2 per cent, in the speed, and that a Porter goverixo^ 
to do the same would weigh J ton. Also, that the force require 
to compress the spring when the balls were quite open 
1,781 lbs. 

Macfarlane's Safety Governor. — ^This governor is fitted insi*!® 
the steam passage, and acts diroctly on the grating throttle 
Talve C. There are two weights D, working on centres at 
which move the sliding piece F, attached to the throttle val'^^ 
spindle G. This spindle is forced to the right by the spring !^3^f 
placed inside the governor spindle 1^ and iB pulled to the left 
the balls fly out. The governor spindle passes through tJ*^ 
stuffing box T, and is driven by the pulley X, In addition 
the throttle valve there is a stop valve K, and seat O ; and tf*^ 
bearing L for the throttle vaJve forms part of this. From tl*J^ 
left of the two small figures it will be seen that the holes in 
and L are opposite to each other when the engine is working 





NOEMAL Position or Thhottu: 
Valvb, 



Closed Position o^ Throt 
Valvi IP BaLT Hrsaks, 



normally, but should the speed increase, C is pulled to th 
left and cuts off towards that aide. Should the he It which drii? 
the governor slip or break 3 or the governor stop from any ca 
the throttle valve is farced to the right by the spring 
shuts off steam completely, as shown on the other figure, 
stop valve is shown closed in the large figure, 

Willans' Spring Governor,* — In the previous cases, the presau 
of the spring has to be tnmsmitted through the pin joints of 1 



* For a description of Willans* central- valve triple esponsioD engine, 
which this governor is fltt«d, see Appendix 111. of the Eleventh Edttidiii 
the Author^a Text-Book on SUam <ind the Steam Engine, 
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governor arms, and 
thereby causes more 
friction and wear 
^d tear than would 
the case if the 
springs were directly 
connected to the 
balls. In Willaus' 
governor^ as wUl be 
seen from the figure, 
the balls are con- 
nected directly by a 
helical spring A, on 
each side of the gov- 
ernor spindle. Aii- 
other spring F, is 
clamped at its upper 
nd to the throttle^ 
,.alve spindle Cr, and 
hooked at its lower 
'end to the bracket 
carfying the bell 
<*riui lever E, This 
spring puUs the 
valve rod down- 
i wards, in opposition 
to the springs A, 
and thus pushes the 
sleeTe gainst the 
toes K H (shown 
(btted), of the gov- 
eraor arms. By ad- 
jaBting the tension 
in F, by the nut M, 
ihe governor can be 
set to the rec[uired 
speed while the en- 
gine is running. It 
will be noticed that 
lliia governor works 
horizontally, and is 
driven directly by 
one end of the 
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Pickering Governor, — A very simple and direct 
governor wtich has been introduced for Bmall electric ligh:'^ 
engines is shown by the next figure. Here the balls ar^ 
supported by flat springs, which act directly on the throtti&^ 
valve spindla There ia also an auxiliary ipriag, as seen j 




PlCKKEOTG GOVEKNOB, BY TANGYBS, I/TD. 

below the driving spindle, actuated by a thumb screw and 
wheel, which enables the attendant to adjust the speed of 
enpne whilst running. 

Governing by Throttling aad Variable .EKpanalon,— Prior to 
1S76, governors gecerally controlled steam engines by actuating! 
butterfly throttle valve of the form shown in the figure. This 
valve, although simple in construction, ia difficult to fit ao as to 
remain steam tight^ and hence the double-beat valve as in the 
next illustration, or still better, a grating piston valve like that 
shown attached to the Wi Hans' governor, has been adopted in 
preference. The ordinary butterfly throttle valve is not, as at 
one time supposed, a balanced valve, since the action of a fluid 
rushing past an oblique plane, is such as to cause a greater 



TUnOTTLB VALVES. 



115 



urt <m tJie forward edge and thus tend to close the 
ye. A good throttle valve should l>e able to entirely stop 
tte admiisioii of steam to tbe cylinder* 

Recently J many patents have been taken out for controlling 
tiie speed of an engine by altering the point of cutoff! In 
mftsE. (me&f tkis enables the engine to work more economicaliy ; 





Thbottle Valvb, 




Double- Beat Valttb, 

kt 88 shown by Captain Sanbey in his paper on Governing 
of Steam Engines by Throttling and by Variable Expansion," 
i^d before the Institute of Mechanical Engineers^ in April, 
the indicator diagrams obtained from engines governed 
If this method are often cloaks for exaggerated initial con* 



densation," and it m&y he found that the actual feed water used, 
is kia with ordinary throttling than with variable expaasion* 
Throttling the ateani variea the am o tint supplied hj varying 
the pressure, while the volume used remains constant. Oa 
the other hand^ automatic expansion Buppliefi the steam at i 
constant pres&ure but alters the volume used per stroke. 

The point of cut-oif may be controlled either by means of i 
eeparato expansion valve, or by acting directly on the maia 
valve or valves. In the firat case, there are two eccentrics 
which work the iiiRin and the expansion valves, As will bf 
seen from the illustrations of the Hartnell, and Clayt-on t 
Shuttle worth's governors, the stroke of the expansion valve 
is altered by a drag liiik and a block connected to the governor 
sleeve. In the second case, when a slide valve is used, either 
the throw or the position of the main eccentric is varied hy a 
ahaft governor^ and no second eccentric ia required. With "trip 
gear ^' the governor automatically releases the admission valves 
sooner or later, according to the load on the engine.* 

Shaft Governors. "A large number of these have been designed, 
but the following illustrations will serve to show their general 
principle and action. A circular casting is keyed to the crank 
ahaft, and carries on one side a pair of symmetrically airanged 
weights jointed thereto at one end, but whose other ends are 
irtG to move in a plane perpendicular to the shaft agaicst the 
reaiatance of the interposed helical springs. On the other side 
of this casting there is fixed a pair of straps embracing a cir- 
cular disc carrying the eccentric which works the valve. The 
centre of this disc is some distance from the centre of the 
shaft and that of the eccentric. The governor weights have 
bosses which pass through slots in the circular casting, and 
are connected by links to studs on the disc. In moving out- 
wards by centrifugal force, these weights compress the springs 
and rotate the disc^ tlius chansging the position of the eccentric, 
and varying the cut-off of the slide valve. 

Relays, t— Except in the case of " trip gear/' the effort required 
to work the throttle valve, or expansion gear, may he consider- 
able, and can only be satisfactorily supplied by a relay — that is, 
by making the engine itself, or steam from the boiler, or water 
pressure, or electro-magnetic mechanism, move the valve, while 

* Sao Lecture XVTII, of tbe Author's Text-Booh on Steam and Steam 
Mngin&6 for i lluat ratio oa, 

tSee Bngimerin^i 1st January, 1SS6, p. 4, for a deecription of Lildes 
tteairt relay goveruor. Also ''Kegulatioa of Steam EugmeSi" by Joha 
Kichftrdson, Proc, ImL C.E,, vol, cxx^^ 1S95, Part II., for descriptioa 
Mnd di^usaiou on electrical and other relays for goveraora. 
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governor hm simj-ily to cciiiti Dl ilie relay* In most relays 
that Lave been used for governing, tlie governor starts the 
relay, and then the latter goes on without auj control, until th© 
position of the governor ia akered, and it h set into motion in 
the opposite direction. All such relays neoeasarily have the 
fault of hunting, but this ir not so for one of the steering-gear 
type. The governor, as it were, informs such a relay when to 
inove and how far, and the extent of the change in the height of 
~[ie governor cone determines the travel of the relay* 




(kiviBKOii WITH Relay 70R CoMPOTTNn and Tbiplb Expahbioh- 
En SINKS, BY DAVBYt Paxman & Co. 

The steam relay shown is applied by Messrs* Davey, Paxman 
A Co. to compound and triple expansion engines. The weigh- 
thaft W, which works the expansion gears of all the cylinders, 
is connected with the piston of the email relay cylinder 0, The 
r&lay valve R Y, which admits steam to this cylinder, is worked 
by the floating lever L, and allows steam to enter at its middle 
Hid exhaust at its ends. The lower end of the floating lever 

attached at L, to the crosshead of the relay piston rod, and its 
'pper end through the links <fec., to the goTemor sleeve, 
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while the small piston valve of the relay is connected to a 
intermediate point. It will thus be seen that when the governor 
balls rise, K V will move to the left, and so admit steam to the 
left of the relay piston. This forces the piiiton inwards, and 
pushes the eccentric-rod end of the drag link further from th^ 
block attached to the engine valve rod, and therefore reduces 
the travel of the valve and the power of the engine. In addition, 
as the relay piston moves one way or the other, it rotates the 
floating lever about its upper end, and brings It Y back to 
its mid position J and m automatically comes to rest. By this 
meanSj the relay piston and main slide valves are made to follow 
all the motions of the governor, and the amount of the motion 
of the relay piston will depend on the change in the height of 
the balls. The governor itself has very little work to do, sine© 
it has only to move the small valve RV, By means of the 
weigh shaft W, and levers iittached to it the valve rods of all 
the cylinders are moved simultaneously 3 in the i^ame way zis the 
one shown. Minor adjustments of the spe&d may be made 
while the engine is running by altering the tension in the 
spring S, by means of a worm and worm wheel on the end of 
the spindle H, 

Knowlea' Supplemental Goveraor.*— Another method is that 
invented by Knowles, Here two governors are used, a large 
one to control the valve in the ordinary way, and a sraaller one 
to alter the length of the rod connecting the first one to the 
valve. This is effected by fitting two friction cones to the sleeve 
of the smaller, or supplemental, governor, and having a third 
between them, which will gear with one or other if the governor 
rises or falls by more than a prescribed amount. The valve rod 
is in two parts, having a right- and left-handed screw respectively 
at their adjacent ends, and the nut which joins these screws is 
rotated by the third friction cone. This governor has been ex- 
tensively employed in spinning millsj where the fluctuations in 
load are neither great nor sudden, but where the speed must 
remain very constant. 

Inertia Govemors-t — For small gas enginesj which always 
receive a full charge of gas during each cycle or none at all, a 
form of governor known as the inertia governor, has been found 
suitable. In the one first illustrated, the gas valve is opened 
by a valve opener V 0, which is actuated through the lever £, by 
the cam C, fixed on the side shaft On the lower end of the 
valve opener there is a bell crank B C, engaging a slot on the 

• See the Fraciical Migineer, voL v.^ p. 205, March 27, 1S91. 
t ^ee OaSf Oily and Air Enfjims^ hy Bryan Don kin, for other formi of ga» 
eiigioe governors, 
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governor weight W. This weight is supported by a spring 
fixed to a bracket on the lever L. As the lever is moved up- 
wards, the inertia of the weight W, causes it to lag behind, and 
thus compress the spring, but the latter is so adjusted that as 
long as the speed does not exceed the normal, B C is not moved 
down sufficiently to cause V O to miss the gas valve spindle. 




Inertia Governor for Stockport Gas Engine. 
Index to Parts. 



C for Cam. 
S Side shaft. 
R„ Roller. 
L „ Lever. 
F „ Fulcrum. 



B for Bracket. 
W ,, Inertia weight. 
BG „ Bell crank. 
VO ,, Valve opener. 



however, the speed should rise above the normal, the inertia 
of the weight is sufficient to press B C down far enough to cause 
V to pass to the right of the spindle, and then no gas is ad- i 
nutted for that cycle. As the direction of the thrust necessary ■ 
to open the valve passes through the centre of the pin supporting 
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the bell crank BO, it ia recaived direct from the lever L, and 
does not alfect the g aver nor weight W, 

Another, and simpler form of inertia governor^ as used in small 

Otto gaa engines, depends for 
its action on the inertia of a 
small weight W, and adjust- 
ing weight A W, The 
vibrating arm V A^ is driven 
by the link L, from a pin on 
the end of the side shaft S S, 
and causes the valve opener 
Y Oj and the weight Wj to 
move backwards and for* 
wards. The centre of gravity 
of the weights and valve 
opener being to the right of 
the pin P, the point of V O 
is pressed against the flat of 
the gas valve spindle. The 
effect of the inertia of these 
weights acts below P, and 
therefore tends to tarn Y 
downwards when P is moved to the left. The position of A W 
is so regulated bj the adjuating nuts A N, that when the speed 
exceeds what is desired, the latter tendency will predominate 
and cause the end of Y O to pass below the valve spindle and 
leave the valve unopened. 

Flywheels. — We have already mentioned that the function of 
the flywheel is to take up and give out energy so as to i^iinitnise 
the fluctuations in speed due to the periodic changes in the 
crank effort, and also to reduce the suddenness of other changea 
in the speed of the engine. 

In the previous Lecture we found an expression for the 
tension per square inch in the rim of a flywfieel due to 
centrifugal force, and saw that it was independent of the 
cross area of the rim. The highest speed at which a fly- 
wheel can be run with safety, will therefore depend upon the 
tensile fitrongth and the density of the material of which it 
is made, for it is evident that we cannot make it able to go 
faster by enlargiug the cross area of the rim, since that increases 
the total stress in exactly the same proportion as it increases 
the total strength. Consequently^ for very high speeds it ia 
neeess«iry to select a material, and so dispose of it, as to have 
the greatest possible strength for a given mass. Hitherto, fly- 
wheels have usually been made of cast iron^ either moulded and 
east in one piece^ or built up in several segments ; but recently. 
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Qtej iave been made of wrought iron or steel, m as to offer a 
mTuch greater resistance to bursting, either by the method sug- 
gested bj Prof, Sbarp,* or b^ winding steel wire into an 
aimuJar trough made of ateel plates at a definite distance 
froTn the crank sliafb, 

Baknmg Machinery.!— If a flywheel be iiot accurately 
balanced^ it will cause wobbling streaaes, which produce viforatioa 
and wear, and which become greater as the speed is increased* 
Owing to tlie recent demand for high-speed machinery, such as 
aagar^dryingj cream separating, hydro-extractingj and electric 
light machinery, the attention of engineers has been specially 
directed of late to the necessity for more perfect balancing, with a 
view to reducing vibration and its attendant noise, tear, and wear. 
Even in the case of express trains, it has been found advisable 
to balance the carriage wheels- This is done by placing their 
ailes and their wheels on a framing with springs of exactly 
tie same kind as those to be used on the carriage for which 
the? are intended, and running them at their highest speed of, 
ny, 90 to 70 miles per hour. Pieces of clay are placed upon the 
inaide of their rims until they run perfectly smoothly* These 
hupB are then replaced by pieces of cast iron or lead of the 
sacue weight, and the process repeated until as perfect a balance 
as poaaihle Las been obtained. 

In works where the importance of balancing machinery is 
recognised, the machine to be balanced is placed upon a testing 
table and run at gradually increasing speeds* At each speed 
the balance is made as perfect as possible, by trial, in a manner 
dmilar to that just described for railway carriage wheels, until 
the maximum working speed has been reached, and the whole 
ifl capable of running practically free from vibration even when 
not secured by bolts or clamps. 

A com^mon method of balancing pulleys in the workshop is 
to mount them on a shafb, or mandril, which is then placed on 
two parallel and perfectly level straight edges. This is a 
delicate method of procuring a statical balance, but it does 
not follow that there is a true dynamic lialance, as there 
may be a c^iHfugal couple^ which will cause vibration, and 
needless pressure on the bearings. To taike a simple case, con- 

* See Prof. Sharp's pamphlet on ** A Hew System of Wheel Const rue - 
tioo'' (TechDical Publisliing Co., Manchester), ajid * ftaper on " Fly- 
wheek,'* by John Gait, C»E,, M,E., Froc. Cvmadiim Meclrical Assoc^ 
MDntreal. 1894. 

+ See Proc. JmU Eng, and SUphmhhrs in Scotland, Jaimttry, 1891, 
for a paper on "Centrifugal Actiou in Practical Work," by John Liddlaw, 
AIro, Proc. N.E. Coast InaL of Eng. and ShiphuUderit, vol. xii,, 1896, for » 
piper m "An Investigation into the Force tending to produce Vibratio» 
^ia High-Speed Enginca,*' by J. Allan* 



fiifler a crank shaft with two cranks IBO' apart. The statfe 
balance nmy be perfect if the cranks are similar ; yet, it hi clear that 
the centrifugal foreesof the two cranks, although equal, parallel, 
and opposite in direction, are not in the same straight line, and 
therefore form a couple in a plane passing through the axis of 
the Ehait, The plane of this couple revoh es with the cranksj 
and it consequently tends to make the axis describe a double 
cone in spacej the common verte^t of this cone being at the 
centre of gravity of tlie whole rotating mass. Similarly, with a 
pulley there may be an excess of material on one side at one 
extremity of a diameter, and at the other extremity an excess 
on the other side, which, while the static balance is perfect^ 
cause a centrifugal couple, and set up objectionable vibrations at 
a high speed. The final adjustment of the balance of a wheel 
or pulley should therefore always be made at the highest speed 
at which it is intended to run. In order to have a statical 
balance about an axis, it is sufficient that the axia should pass 
through the centre of gravity of the w?tol6 mass, but for a perfect 
dynamic balance, it must fiho pass through the centre of gravity 
or ereri/ section taken at right angles to tlie axis. It is possible, 
however, in some cases to have the body as a whole balanced 
without this last condition, but in such cases there will be 
several centrifugal couples whose T'Cisultant is zero, but which 
tend to bend the shaft at several places, 

Weston Centrifugal Machine. — ^As a useful application of 
centrifugal force, and an example of a self-balancing high-speed 
machine, we here illustrate the Weston centrifugal for drying 
sugar. The first figure gives a general view of a pair of 30 -inch 
centrifugals suspended from the house framings with sugar- 
breaker, pug mill J swivel shoot, and molasses gutter, 'j'be 
baskets of these machines are driven at 1,200 revolutions per 
minute, and give an output of 1 2 to 16 tons of dried raw sugar, 
or 12 to 20 tons of dried refined sugar, per day of ten hours, 
and require about seven horse-power to drive them. 

In order to charge the machine, the valve at the bottom of 
the pug mill is opened, so as to allow the sugar to gravitate 
down the scoop into the basket E, seen in the vertical sectio^g 
When a sufficient charge has been given, the pug mill valve a| 
closed, and the basket started rotating by a friction pulley off 
the kind shown in Lecture YIII., p. 136of Yol I. The belt 
which drives the pulley P, connected to the spindle S, thus 
gradually brings the speed up to its normal. The centrifugal 
force causes the water and molasses to pass through the numer- 
ous holes in the periphery of the basket into the monitor case 
M from whence it escapes by the discharge pipe D P ; while 
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the sugar forms a wall arouad the inside of the basket. When 
the sugar is dried, the fnctioa grip of the driving pulley 
relieved, and the brake-strap applied to the brake pulley B 
BO as to bring tha ba^sket and its 
eontents quickly to rest The con- 
ical cover, or discharge valve D V, ia 
then raised and hung on the brake 

pulley, as seen in dotted lines. The 

wall of sugar is broken down and 

swept through the central opening 

into the conveying trough T. It 

then forced along this trough by a 
^large screw to wherever it may be 
vwanted. 

H The basket is not comp ^Ued to re- 
■voWe about a fixed axis^ bnt 13 per- 
Bmitted to choose its own centre of 
B rotation by the use of elastic be rings, 
H By allowing the revolving basket to 
H oscillate within certain limits, it 

■ aaaumea as its centre of gyration the 

■ centre of gravity of the basket and 
I ite contents, and so becomes self- 
B bftkncing. This reduces to a mini* 
H mum tlie power required to drive the 

V machine, severe stresseSj wear and 
H tear, and the vibrations transmitted 
B to the building. By referi'ing to the 
H lectional view of the spindle, it will 

V be ejisily understood how this is ac- 
H compUshed. A strong block B, is 
H holted to the overhead beam, and 
H inside this block are placed two india- 
H Tubber buffers 1 1, the upper of which 
H lUHtftins the suspended apindle S, by 
H a nut and washer. This spindle does 
H not rotatCj but it carries, at its lower 
H end, a series of washers which support 
H the bearing F, fcsed to the outer re- 
H Tolving spindle. The pulley P, and 
H brake pulley B P, are attached to the 
H upper end of this outer spindle, and 
H tie perforated basket to its lower end. The hoU 
H ttia spindle is filled with oil, so that the bear 
H an oil bath, and is always well lubricated. 




Section ov Sri^ntE ato 

Ek A RINGS FOB WeSTOH 
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ow portion of 
incT F runs in 
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There are many other applications of tkia principle, such aal 
hydro- extractors, cream-aeparatora, ^c. The next illustrati^^: 
shows a modification of the above machine adapted for extractimj 
oil from engine waste, turningSj acrew8, or drying crystals 
and ores. The material to be dried is put into the hollow pan A 
which is then rotated at about 12,000 revolutions per minuto. 
The oilj or water, escapes through the narrow opening between 
the upper and lower parts of the pan at B, into the outer casing 
U, and thence to the spout E, The pan is emptied by lifting 




UjinEB-Dajvair Ckntbtfugal ExtsactoBj bt Watson, Lmulaw Co* 

bodily from the top of the spindle and turning it upside down. 
It rests on a leather-faced disc on the top of the spindle, and is 
kept central by a continuation of the same, which fits easily 
into a recess in the bottom of the pan. This arrangement 
permits of a Uttle slip at starting, by which the driving belt is 
relieved from any sudden or severe stress. The spindle is 
similar in construction to the one just described, but inverted^ 
eo that this machine is also self-balancing. 
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ItECnmi XXm.— QOEBTTONS* 

L The governor and. flywheel of an engine hav« both the purpoge of 
rejnJatm^ its tpeed* Explain how their actions in this reapeot differ* 

i Explain the principle of iVatf^s pencEuImn govi^rnor^ and state ite 
idvaiitAgea and defecta, VariouB tnethoda have 1>een ptopoj^ed for im* 
pmn^ thifl form of governor ; discT^ss the actian of any &nch modeni 
ipparatus with which you are a<5^nainted. 

X What are the principal eflaentiaU of a good steam engine governor! 
fikekb, in outline, any one form of governor with which you are acquainted, 
utd Explain to what extent it is satisfactory aceordini? to the conditions 
which ym have laid down^ or how it might be improved. 

4. Sketch the ordinary pendulum or b^vll governor of a steam etiipne. 
Hark oa your drawing some particular line whose length is related to the 
number of revolutions of the balls. State the relation as nea^rly && yon 
how it. If the line referred to be shortened in proportion of 2 : 3- how 
much TTonld the number of revolntions be increas^ed t An^. n/3 : *J2. 

5, Sketch an ordijaary Watt's governor^ aDd explain its action upon the 
Tilve with which it is connected* Why is it an. improvement to shift the 
pojnta of anspemsion so that the arms cross each other ? 

(t. Explain the advantages of the crossed- arm governor for a ateam- 
iBgia^. Find the height of the cone when the engine ia making 40 
itTOltttions per minate, and prove the formula on which you rely, (S. and 
A. Adv. Steam Exam., 1891.) 

^ 1. Define the tercfi "isochronous" as appjied to goveraore. How may 
iiochronism he approximately obtained? Prove the formulaj connecting 
tiiB height of the cone of revolution and the number of revolutions ]ier 
nuotite, for a simple pendulum governor^ (S. and A. Adv. Steam Exam,, 

8. Sketch the pendulum governor aa Watt made it. From the balk of 
» common governor, whose collective weight is A, there is hnng by a pair 
of Imks (of lengths equal to the haU-rDdfl) a load, oapable of sliding up 
anil down the spindle. Compare the loaded and common governor as 
regftrda senaitivene^sSi the weights of the arms or link a being neglected, 
fi. and A. Adv. Steam Exam.) 

k Find an expression for the height of the cone in a loaded governor 
wtmi rotating at a ^fiven numher of revolutions per minnte. Show, by a 
ikttoh, the connection of the governor with a throttle valve. By what 
arrangement may the tendency to over-sensitiveness he corrected T (8. and 
A, Bona. Steam Exam., 189L) 

10. Find the height of a simple or **Watt " governor revolving at SO 
nvoiutiona per minute. If the same governor had a weight of 40 lbs, 
ittaehed to the sleeve, the balls weighing 3 Iba. each, what should be its 
li^ight, supposing the same speed to' be maintained^ and the link work to 
tflfiucb that the sleeve rises twice aa fast as the balls ? Jfeglect the weight 
of the connecting links. {S* and A. Adv. Steam Exam,, 1S95.) 

11- Find the height of a simple conical pendulum Tcvolving at 80 revolu- 
tinus per minute. If a loaded governor^ makinc^ 240 revolutions per 
mttnite, had a weio^ht of 20 lbs. attached to the sleeve, the ballg weighing 
S lbs. each, what would be its height, the vertical motion of the balls being 
Nf that of the sleeve ? {S, and A, Adv. Steam Ejtaro., 1894) 

12. Sketch and describe any spring loaded governor, and compare the 
l«tion of the spring with that of a weight* 
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13. What objection ra there to regul&tmg the spewed ai an engfiie hy th 
throttle valve? 

14. Expiftin what is meant by autotimtic expansiou gear^ ab owing 
wherein lie its Special advantages in tbe ecoDomic working of an engine. 
Sketch fliieh an arrangemtint and ita connectiona. (3. and A, Hons. Steam 
Exam., 1894.) 

15. Explain by tb« aid of the necet^ary aketchea the construction of 
either tbe Armington-Sinia or the Weatingbon»e bigb-§peed fiy wheel 
governor and valve gear. Show clearly bow in tbeee arrangements the 
throw and arvgle of advance of the eccentric are varied, whilat tiie lead is 
kept constant. (S. and A. Hons* Steam Exam,, lSd5.} (Roboj's and 
Ban soma, Sima & Jefferiea* shaft govemorB are aimilar to tboae aaked for.) 

16. What apecial benefit ia obtained by adding a relay to a governor T 
Sketch and describe a relay which automatically followa np the motion of 
tb« gov^emor. 

17. Sketcb Knowlea* supplemental goveroor and deacribe ita action. 

is. Describe the pendulnm governor of the Otto engine, and point out, 
by reference to aketcbea, the manaier in wbicb it acts. {S. and A. Adv. 
Steam Exam., 18S9.) 

19. Explain clearly tbe arrangement by wbicb the speed of an Otto engine 
li regulated (S. and A, Adv. Steam Exam., 1S9L) 

SO, Deacribe any form of inertia governor nsed for regulating the speed 
of a gas engine, 

21, Deacribe, with proper sketches, a form of vibrating pendnlum 
regulator as fitted to an Otto ga^ engine, and explain how it actSf and 
is made adjustable. AESutning that the pendulnm is actiiAted by tbe 
rotation of the gas and air valve, deacrihe the mechanism concecting tbe 
end of tbe valve with the pendulum, showing that it forms a well-known 
combination in liokwork. (S. and A. Hons. Steam Exam., 1694.) 

22, Explain why it is neoeeaary to balance high-apeed machinery, and 
describe the most approved method of doing ao. 

23, What primary law in mechanics asaerta itself when aome revol ving 
piece of machinery movea at a high velocity, and is nn balanced ? A weight 
of 1 lb. is placed on the rim of a wheel 2 feet in diameter, which revolves 
upon its axis and is otherwise balanced* The linear velocity of the rim 
being 30 feet per second, what is the pull on the axis as caused by the 
weight of 1 lb,T Jn^. 28 "1 lbs, 

34. Explain by sketches and description how railway carriage wheels for 
express trains and their axles are balanced. Give your reasons for and 
against the common workshop expression that a perfect statical balance m 
not one when the machine is run at a high speed. 
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PART IV.— GRAPHIC STATICS* 



LECTURE XXIV< 



Contents*— Grapliic Statics — A Framed SfcmettiTe' — dAsaif cation of 
Frames — Firm Frameg — DeScient Frames — Redundant Frames— Coa- 
ditiona of EquOibrium — Bow^b Method of Lett erLog — Solution of » 
Triangular Frame— Reciprocal Figure for a Joint — De&Dition of a 
Stmt— Definition of a Tie—Streas Diagram — Determination of the 
Kind of Stress in a Bar— Firm Quadrilateral Frame — Firm Tri- 
angular Frame — Finn Frame — Firm Frame with Manaard Out 
Qnestiona. 

Grapiiic Statics is the Science and Art of determining b j sc 
drawings the total stresses in the various parts of a struct c 
The forces tranamitted throu*^h each part of a structure may be 
ascei^tained either by calculation or by graphical construction. 
The former method ia extremely tedious^ except in very simple 
cases, wliereaa the latter is not only rapid, but also affords . 
self-evident means of checking the accuracy of the solution. 

Definition. — A Frsuned Structure consists of an assembla 
of rigid bars, so arranged^ that the stresses in them are principally 
pnsh or pull and by the use of which, external forces may be 
transmitted or modified* 

A structure is different from a machine in bo far as, the 
former transmits force while the latter transmits energy. This 
means that the parts of a structure are assumed to he at rest 
while those of a machine must be in motion. 

In this section we assume the following, unless otherwise 
stated : — 

(1} That the point of crossing of two or more bars ia a joint 
and perfectly frictionless. 

(2) That all the members or bars are able to withatand 
either push or pulL 

(3) That each bar is incapable of being perceptibly deformed 
under the action of the stress it may have to carry. 

For the complete specification of a force, we must know the 
following four elements : — 
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(1) The point or place of application. 

(2) The line of action — f .e., the line along which the force is acting. 

(3) The direction or way the force acts along its line of action. 

(4) The magnitude — the number of units offeree. 
Classification of Frames. — (1) Firm Frames are those which 

have ju8t sufficient bars to prevent change of shape, and any 
bar may therefore be lengthened or shortened without stress- 
ing any of the other members. 

^2) Deficient Frames are those which have not sufficient bars 
to prevent deformation, and the joints must therefore be 
made stiff in order to resist change of form. 

(3) Redundant Frames are those which have more bars than 
are necessary to resist distortion. In frames of this kind we 
cannot alter the length of certain bars without stressing one or 
more of the other members. Further, the frame may be self 
stressed if the redundant bars be badly fitted, and the stresses 
in the various members are indeterminate unless their yield- 
ingness be taken into account. 

Conditions of Equihbiinm. — There must be no translation. 
This is assured if the (tiagram of external forces is a closed 
polygon. 

There must be no rotation. This is satisfied if : — 

(1) The external forces have no resultant moment round any 
two points that may be chosen. 

(2) The line of action of the resultant of all except two of 
the forces passes through the point of intersection of the lines 
of action of these two forces. 

If a number of external forces act upon a structure and keep 

at rest, and, if we have to determine graphically the relations 
*niong these external forces, we must know at least : — 

Eiilm.—ML the elements of all the forces except one and 
nothing about that one. 

Or.— All the elements of all the forces except two, and about 
one of these two its line of actioa About the other, one point 
in its line of action. 

In the former case, we determine the resultant of all the given 
external forces by any method, and the last or balancing force 
(that is, the one we know nothing about) has (1) its point of 
application anywhere in the line of action of the resultant, (2) its 
line of action coincident with the line of action of the resultant, 

(3) its direction or way opposite to that of the resultant, and 

(4) its magnitude is the same as that of the resultant. 
The second case will be clear by a reference to Fig. 1. 

BA is the resultant of the external forces, 1.2.3...(n - 2), 
acting on the body or frame. D C is the line of action of the 
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1)*** force, and E the 



t ciiosen as a poiat in the line i 
action of the n''' force. 

// three forces ael upmi a body aiul keep U at rest tfieir Htigs of 
actio7i rrmst all pass thrmigh on& point. Thereby, the line of 
action F E, of the force maj be determined, since it mu^t 
pass through O the point of intersection of B A with 1) 0, Then 
by an appli cation of the triangle of forces the magnitudes ami 
ways or directions of the (n - 1)**^ and n*^ forces may be deter- 
mined. 

Bow's Method of Letteniig. — In Fig, 2 we have an example 
of Bow's method of lettering a system of forces. It will be seen 




Fig* 1* — RsLATrriN a mo no Exteesal 
Forces. 




Fig. 2.~lLLtT3TBAT10N OF Bow^ 

MstnoD OP Letter IN a. 



that ©very force has one letter on each aide of its line of 
action. This is in order to name the force. Thus, we speak of 
the forces A B, B C, D E, and E F. Again, each letter has 
been used twice, excepting A and F. This would indicate that 
one force was a wan ting or required to be determined : — viz., 
the force A F. This force may be the resultant or the etjui- 
li brant as the case may be ; or, if on drawing the poly*^on of 
forces, F coincides with A (that isj the ma^nitttde of F A is 
zero), then the system is in translationary equilibrium. 

In Fig. 3, we have the forces acting at the jointB of the 
triangular frame X Y Z, named by Bow^a method 

The forces which keep in equilibrium the joints X, and 



For the joint X— 

The force B C (all the elements of which are known). 
The action of the stress * D ; and, 
The action of the stress D B. 

*A$i^ iTsual, in treati&ea on th\a ftuh^ect, the word n^rett, through a 
Part Il\ , means the total force, tiammvtUi^ ^iift tow 

per unit of croas area* 



bow's method of lbttebing. 
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For the joint Z — 

The action of the stress B D ; 

The action of the stress D A ; and. 

The supporting force A B. 

And for the joint Y — 

The action of the stress A D ; 
The action of the stress D C ; and, 
The supporting force C A. 

The supporting force C A, has been represented by a curved 
dotted line to indicate that all we know about it is, its point 
of application. 

The point X might be called the joint BCD; the point Y 
tiie joint CAD; and the point Z the joint A B D, since the 
letters naming a joint have been used to name the forces acting 
at that joint. 

In Fig. 3, we have used the letters A, B, and C each four 
umes and the letter D six times. In practice, this is avoided 
l)y lettering, as indicated in Fig. 4. Then the forces and bars 
^ have the same names as before. Success in graphic solu- 




%3.~BoVs Method op Letter- Fig. 4. — Bow's Method in 

A Tbiangulab Frame. Practice. 



*ioii8 depends in a great measure on correct lettering, and on 
correct assumptions having been made, first, with regard to the 
total number of external forces that act on the frame, and 
second, with regard to what is known about the various 
dements of these external forces. 

One great advantage of the Graphic Method of Solution is, 
that our attention is always being directed to the correctness of 
assumptions that have been made. If the Stress Diagram 
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closes, we may aafelj consider the solution to be correct f 
the asBumptions uiade ; but, if it does not, some asBumption U 
wrong or something has been left out 

Correct IsUmnn^ is mcompliahed wh^n everp external form aid 
e^ery hat luis one Utter atid oiily 07ie on eac/t gide of iL 

All the exterftal forces must be applied at the joints of the frame^ 
h'ui, if any should act at a point other ifian the end of a har^ then 
two equivalent parallel forces mtist he applied to the member under 
consideration^ one at each end. By equivalent parallel forces ii 
meant two forces wMch, applied as stated, would have the giyea 
force as their resultant 

The lims of action of the external forces must not fall hu^d/^ 
frmm^ hVtt must 6$ drawn outside^ as in Fig. 4* 



( 




Fig- 6.— Sketch of Fkamb, Fig* 0, — Frame Dtagiiak, 



Solution of a Triangular Frame. — Given, the triangular frame 
a be, and the force P, completely specified as followS| vi^ : — 

Its point of application, h ; 
Its Hue of action, dh; 

Its way or direction from d towards b ; and^ 
Its magnitude, P lbs. Also, 

The line of action of one of the supporting forces, a ft 
And finally, a point in the line of action of tha other 
supporting force. 
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It is required to find the remaining elements of the supporting 
forces, also the magnitudes and kind of stresses in the bars. 

We begin by drawing the Frame Diagram (Fig. 6) to scale. 
This scale should be as large as possible, say, in this case, 
i inch representing 1 foot. Then letter the Frame Diagram by 
Bow's method. Now, let the lines of action of the forces A B 
and B O, on being produced meet in O. Then for no rotation^ 
the line of action of the other supporting force C A (as indi- 
cated by the chain dotted line) must pass through O, and also 
through the joint D C A, as given. Thus the line of action of 
the force C A is determined. 

For no translation, the triangle of forces is applied, and will 
give the magnitudes and ways of the supporting forces, as 
indicated by Fig. 7. The scale used should be as large as 
<x>nvenient, say 1 inch representing 40 lbs. 




Fig. 7.— Diagram fob 

EXTBBNAL FOBCBS. 



Fig. 8. — Reciprocal Figure 
FOR Joint BCD 



Definition. — If from a point, a number of lines radiate, and 
if a polygon be drawn which has its sides either all parallel to, or 
all at right angles to corresponding radiating lines, then this 
Polygon is called the Reciprocal of the Point. 

Thus, the triangle B C A, Fig. 7, may be called the reciprocal 
of the point B A C or O, in Fig. 6. 

We can now draw the reciprocal figure for any one of the 
joints of the triangular frame. Because, we know all about the 
external forces acting at each of these joints ; and further, not 
more than two bars meet at each joint. 

If more than two bars meet at a joint, then we miLst know, in 
iMddition to all the eoctemal forces acting at that joint, the stresses 
in aU the bars except two, before the reciprocal can he drawn. 
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Fig. 8 is the reciprocal figtire for the joint B C I>. It ia drawn 
to the same scale and m cxa<^tlj the same maimer Fig. 7, 
Yiz. : — B parallel and equal to the external force B C ; CD 
parallel to the bar C 1> ; and D B parallel to the bar D B, 

The length of the lines CD and B D, in Fig. 8 (meaisured to 
the same scale as that used for B C) determine the magnitudes 
of two forces whieh, acting in conjunction with the extcmtl 
force B C, would keep the joint BCD, at rest. The t'^o forces 
C D and D B, are the actions on the joint of the streasee in the 
bars C B and B B^ and therefore measure the magnitudes of tlif 
Btressea in these bars* The arrow-heads give tlie ways or direc- 
tion a along the line of centimes of the bars of the actions C I) 
and D B, 

Pigs, and 10 are drawn to the same scale and in the same 
way a-S Fig, 8, and represent the reciprocals for the joints BDA 
and ADO respectively. 

From Figs, 1* and 10 we get similar information regarding the 
bars A D and D B, and their actions on the joint DBA, and the 
bars D and D A, and their actions on the joint A D 0, to that 
derived from Fig. 8 regarding the joint BCD. 

In the reciprocal figure for the joint BOD, Fig. 8, the 




Fig. 9.— Reciprocal fob 
JooJT BDA. 




IQ.— Klciprocal m 
Joint ADC. 



of the action on the joint BCD, of the stress in the bar C D,1 
towards the left and upwards, while in Fig. 10 the way of the 
ftction of the stress in the same bar on the joint ADC,/ 
towards the right and downwards. 

We will now explain the cause of this apparent cAitradictio 
in the two reciprocals. The reciprociil for the joint B C shows 
that the way of the action on the joint BCD, of the stress in 
the bar D 0, is towards the pin B C D— that is^ pushing it. 
(This is indicated in Fig* 11 by tlie small arrow.) Then from 
i?ewton'5 third law the pin BCD, must push the bar w^ith 
equBl and opposite force. 



BECIPROCAL FIOUBBS. 
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Pin BCD 



If the bar D 0, pushes the pin B C D, it must also push the 
pin OAD. For this reason, that no bar can simultaneously 
posh a pin at one end of itself and pull one at its other end. 
Ibis is what the reciprocal for the joint ADC, indicates. 
Definition of a Strut. — When the reciprocal, for a joint 
indicates that the way of 
the action of the stress in 
A bar is towards the joint, 
tiien that bar is under 
compresfflon and is called 
a strut 

On reference to the re- 
ciprocals for the joints 
BDA and ADC, it will 
be seen that the hax D A, 
18 pulling at the pins 
BDA and ADO. But, 

the action and reaction 
law, the pins will pull at 
the ends of the bar, and this means that the bar D A, is under 
tensional stress of an amount measured by the length of the 
line D A, in the reciprocal figures. 

Defikition of a Tie. — ^When the reciprocal for a joint indicates 
fliat the way of the action of the stress in a bar is away from the 
joint, then that bar is under tension, and is called a tie. 

In Fig. 12, the reciprocals for the three joints of the frame 
and the one for the point O, have been combined into one 
diagram, which may be called either 
the Stress Diagram or the reciprocal 
of the Frame Diagram. 

Definition. — Two figures are re- 
ciprocal when every point in the one 
iias a corresponding reciprocal in the 




Pin CAD.- 



Fig. 11.— The Bar C D. 



For example, the point C, in Fig. 12 
jww the lines D C, A C, and B C, meet- 
ing in it. If we refer to the Frame 
Kagram, Fig. 6, we find that, the bar 
C D, the force B C, and the force A C, 
form the reciprocal for this point C 
in Kg. 12. 

We do not put arrow heads on 
tlie Stress Diagrams; they would lead 
tooonfnsion, and are quite unneces- 




Fig. 12.— Combination of 
THE Reciprocals, oe 
Stress Diagram. 



mrj* Ihfeo fbr oinig thm AD, Fig. 13, from the rm- 
ffftMal of ^km |tat AEIK v» wm^ mqmT& an Hrrow hea^ 
frPTMflf^ taa I> t BwmJft A; vUi% frmn the reciprocal of ih« 
joiai A 1>C» w «mv hmi wMld mfoiiv to |»omt the otbei 
w^r, (Ikm 49M» amv lina A D, points to the fact that 

A gtrm has Ai 4 

It vin beaa utmi iiiiH- 

<1) TbAt w^M FIfik Tt H wd f htm ilmwn thej gi^fi 
all tbe lafnrwtwwi iwl «mftiBteikd«d lo b« derived from drawing 
Fig. 10— Tis^ f%; 8 g»T« tiktt M^tedo of € D, and Fig. 9 that 
of DA 

(S) Ilmt when Wf» fil«iC0 tlM^ irafwocal for Uie joint A B on 
tli0 f«ei|iroeAl to tbe pouLt as in Fig. 11, we have only to 
join D to C ia oi4cr to ooaplece Ibo dtsgraJODU 

Hmo tvo oltterrstMos pmmM o«l that we haire too mitdi 
infbtBiaflaB ; thm ii 4m io the findiiig of the point 0. 

Ikii frttueitOMOfaolMivim wa majfiaillhestr^ise^ without 
Am iudfiuill tkm tltnenls of tlk« leaetioiia or supporting forces. 

Sirm^migm. — Wo abaU now iliow how to determiiie the 
Stress Diagram dimt from llie F^me Disgram — without 
trs . Bmiing the r&eiprocak lor thi* joints, and oombining thm 
into ohOl 

It is qoite immaterial as to whieh way we go ro^nd a stracture 
— i.^ (referring to Fig* 6), whether we go feom A to B and then 
to or the other way ronad. We shall find it to be an advan- 
tage to go ronnd eireiy structitie in the same wav as the hands 
of a watch. By doing so we shall find thst the Btresfi Diagram 
will always He to the Itfi hand of the external force polygon. 
This will enable m to know where to begin the es:terna] for^ 
polygon in order to lea^e room for the Stress Diagram. 

Beferriag to Fig. 6, where we are not supposed to know 
either the point O, or the line of action of force C A, let 
us plot out therefrom the Stress Diagraoi, Fig. 12. 

(1) Draw BC, in Fi;r. 12, parallel to the line of action of the 
externa! force B C in the Frame Diagram, Fig, 6, and containing 
100 units, to some convenient scale, say I inch to represent 
40 lbs* The correct lettering of this line is a very important 
part of the work. Sinoe we are going round the frame in the 
direction of the hands of a watch — that is^ from B to C — then B 
must be put at the top end and C at the bottom end of the 
line just drawn so as to indicate the way of the force correctly. 
If this point ia attended to, little trouble will be experienced in 
drawing the diagrams. M 

(2) Draw from the last point found (viz,^ C) a line parallel 
seme force or bar which has C aa onfe VfetAftr^ for its name; 



STRESS ACTION OK PINS. 
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(3) Draw from the other end B of the line B 0, a line parallel 
to the bar B D, and mark the point of crossing of the two lines D. 

(4) Through D, the last point determined, draw D A parallel 
to the bar D A, and from some of the other points found draw a 
line parallel to a force whose line of action is known. Now, 
C A cannot be used because we only know its point of applica- 
tion, but we know the line ot action of B A. Then drawing 
from 6, in Fig. 12, a line parallel to the line of action of the 
supporting force A B, we determine the point A. 

(5) On joining C with A we obtain a line parallel to the line 
of action of the supporting force C A, and the length of tliis line, 
CA, measures the magnitude of the force. 

(6) Measuring the lines in Fig. 12 with the scale used to draw 
down the line B C, we obtain the magnitudes of the stresses in 
all the bars and of the two supporting forces. 

How to Determine the kind of Stress in a Bar.— We will begin 
with the consideration of the forces which act on the left-hand 
jomt— viz., the joint BD A, in Fig. 12. 

Success in this part of the work depends almost entirely upon 
giving to each bar meeting in the joint under consideration its 
proper name — i.e., by letters in their proper order. 

Since roe have gone round the external forces in drawing the 
^irm Diagram from B to C, d;c. — that is, in the direction of the 
hamk of a watch — loe must go round each joint of the structure 
Mi <Ae same way when naming the bars meeting in that joint. 

The bars meeting in the joint B D A, would therefore be 
called, the bar B D, the bar D A, and the supporting force or 
reaction A B. Having thus determined the name of the bar, 
we then refer to the Stress Diagram in order to find the way 
in which the stress in that bar acts with regard to the joint. 

Take for example the horizontal member in the Frame 
Diagram, Fig. 13 (this member is called the tie rod or tie 
beam; since it ties the lower ends of the rafters together), its 
name with reference to the joint B D A, is DA. Now, in the 
Stress Diagram D is on the left of A, and, therefore, the stress 
in the bar D A, acts from left to right (i.e., from D to A) with 
respect to the pin at the joint B D A. This means that the 
bar D A, is pulling at the pin B D A, and therefore the pin 
B D A, pulls at the bar, thereby putting the bar into tension. 

Similarly the stress in the bar B D (called a rafter) acts, so 
far as the joint B D A is concerned, in the direction indicated 
by B D in the Stress Diagram — that is, from B to D. The bar 
BD, is therefore pushing at the joint B D A, and is thus put 
into compression by the reaction of the pin B D A. 

ExjLB TO Determine the Kind of Stress in k Bab..— liSL't' 
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the letters on eacli side of the Bar in the Frame Biagram, ft J 
the same order with respect to the joint on which the Bar act 
as we have taken the letters on each side of the Extenml Force 
acting on the Frame. Then along the line in the Stre 
Diagram^ which is named after the Bar, from the first lettfie' 



9irt 8 DA 




Pin ADC 



Sl!RB^ DlAG^RAM. 

Fig* 13.— Steess Action on Pins, 



towards the second, gives the way of the stress* action withf 
respect to the joint nnder consideration. If the way ia towards 
lie joint the stress in the Bar is Compression or Push, and the 
Bar is called a Stmt* If the way is away from the joint the 
stress is a Tension or Fnll, and the Bar is called a Tie. 



i 
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FIBM QUADRILATERAL FRAME. 
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The above rale may also be applied to a point in a bar. Take, 
lor example, the point E, in the tie rod, and suppose we want to 
find how the left-hand portion of the tie rod acts upon the 
aection at E. Then the name of the left-hand portion of the 
tie rod with respect to E is A D, and from the Stress Diagram this 
acts from right to left — that is, away from E — ^and is therefore 
pulling at the section. 



2 tons 




Fig. 14a. — Fsame Diagram. 
Frame Solvable without knowing all about Reactions. 

Notice that the tie rod, with respect to 
the left-hand joint, is called D A, and with 
respect to the right-hand joint would be 
called A. D, and similarly with any other 
bar in the frame. 

13ie above rule for the kind of stress 
does away with the use of arrow-heads 
and of supplementary diagrams. 

The action of all the bars on the pins 
of the frame are shown in the small dia- 
grams surrounding the Frame Diagram of 
Kg. 13. 

Finn Quadrilateral Frame.— This frame 
is one of a type which allows a solution to 
be found without having first determined 
all the elements of the reactions. 

We shall assume that the right-hand 
end rests on rollers, as indicated in Fig. 1 4a. 
Consequently the line of action of the re- 
action is practically vertical. If it simply 
aUdes instead of rolling, then the reaction is inclined to the 
normal at an angle equal to the angle of Motion, and inclined 




Fig. 146. — Stress 
Diagram. 
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to that side of the jaormal which will oppose the motion of 
frume. The left-hand end of the frame in Fig, lia is assu 
to be anchored to tlie wall by bolts, All we know a 

the left-hand reaction is its point of application* 

If we suppose both ends of a frame to be anchored, then 
only know the points of application of the reactions, and 
assume that their lines of action are parallel to each other 
to the line of action of the resultant of the external foices. 

We be^n by drawing the Frame Dijigram to as large a scale 
possible, and then indicate the external forces at the joints 
their lines of action. The right-hand reaction is indicated by 
vertical line, and the left-band reaction by a dotted curved 1~ 
as shown in Fig. 14a. We then letter the diagram according 
Bow ^3 method. 

In drawing the Stress Diagrams, we shall always go round 
Frame Diagrams clockways. 

We begin by drawing a line parallel to the line of action 
the first force or load B C, This line should contain as ma 
units of length as BC contains units of force, which in t' 
e^tample is 2 tons.* 

Then draw D parallel to the line of action of the load 
and containing 4 units of length corresponding to the 4 t 
load. Next draw D E parallel to the line of action of the I 
D E, and E F parallel to the line of action of the load E 
representing H units and 4 units, respectively. 

The line B C D E F is called the Line of Loads. 

In order to complete the Stress Diagram we shall begin wi 
the joint CD G, which is the only joint of which we have sit 
cient data. Draw from the point in the Line of Loads 
line parallel to the bar G G, and from D a line parallel to the 
D G. The intersection of these two lines is called thf? point 
From G draw G H parallel to the bar G H, and from E dr* 
E H parallel to the bar E H, This determines the point 
Then draw H A parallel to the bar H A, and from F draw a 1' 
parallel to the line ot action of the reaction F A. The in: 
section of these two lines fixes the point A. Joining A with 
gives the finishing line of the Stress Diagram. The lino A B 
the Stress Diagram is parallel to the line of action of the le 
hand reaction. 

By applying the rule for the kind of stresSj we can determ' 
from the diagram all we may wish to know — e.g.^ with resp 
to the top right-hand joint, the diagonal member is called H 

* The acale for the diagram should he as large as convenient. A rough 
^eia may be made by lidding all the los^de together, and assuming tJbat 
uiiB will be the total vertioal length of the diagram. 
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On reference to the Stress Diagram we see that the way of its 
action is from H to G which means pushing at the joint. 
Therefore, the diagonal member is in compression, and so on for 
the other members. 



I ton 




Fig. 15a. — Frame Diagram. 
Frame with Wind Pressure. 

The magnitudes of the 
stresses are measured by 
the lengths of the lines in 
the Stress Diagram. 

The polygon B CDEFA 
is called the polygon of ex- 
temal forces. 

Firm Triangolar Frame. 
—This frame, Eig. 15a, can 
also be solved without 
knowing all about the 
reactions. 

The right-hand end of 
the frame is assumed to 
be resting on rollers, while 
the left-hand end is an- 
chored to the wall. The 
Tertical loads on the Frame 
Diagram represent the 
action of gravity on the . « 

roofiAg, such as slates, <fec., 15&.-Stress Diagram. 

which is assumed to be uniformly distributed over the surface. 

In Fig. 15a, the rafters are shown divided into three equal 
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parts called bajs ; and* since tha joint at each end of a bay m 
fiarry om half of the uniformly distributed load over that 




Fig. 16a* — Frame Diagbah. 

FmM FrAMK with a QuAmULAT^ElAL PA£T, 

the vertical loads will ba^e tbe p 
portions shown by the numbers 
the Frame Diagram. Wind press 
is also assumed to be uniformly d' 
tributed, and is reckoned as so ma 
lbs. per sqnare foot normal to 
rafters. This is indicated on t 
right 'hand side of the Frain e Diagra 

Note. — R7tm taind preiisure 
on the rafter which is anchored^ 
^tressBB in the memb^rB of the fta 
are more severe ilmn when it acts 
the free rafter. This should be 
membered when designing a roo/l 

Since we know all the elemeu 
of ihe external forces, the line 
loads may be drawn ag in Fig, 146. 

Therefore, in order to comple 
the Stress Diagram we can begin 
the top joint of the Frame Dia^ 
where only two members me 
This enables us to find first the po" 
P in tbe Stress Diagram, thea 
point Q, and so on^ 




Fig. I66i — SrraiBaa Diagkam, 



FIRM FRAME WITH MANSARD OUTLINE. 
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Pinn Frame. — ^The frame represented in Fig. 16a is of 
same class as the two preceding. In drawing the Stress 




Fio. 17flk— Frame Diagram. 
Firm Frame with Mansard Outline. 



Diagram, akhough we have deter- 
mined the point N and the point 
M, we cannot fix the point P, until 
▼e obtain the point O. After that, 
the diagram closes in the usual 
▼ay. 

Finn Frame with Mansard Out- 
line. — In Fig. 17a we have illus- 
trated a frame having the double- 
sloped outline of the Mansard Roof. 
It is of the same type as Fig. 16a, 
and presents the same peculiarity 
in the drawing of the Stress Dia- 
.gram. Wind pressure is indicated 
on the right-hand rafters. The 
forces BF and GH are both nor- 
mal to the bar F P. They should^ 
Jkwj^ver, be of equal value. Also, 
the forces HK and LM are both 
perpendicular to the bar K P. 




Diagram. 



1, What ifl a frame or framed atruotare? Distinguish between the 
three difTerent kinda of frames. 

2. ExplaLD Id your own words Bow' a method of lettering a system of 
forces, with two example » 

3^ What li meant by tKe reeiprocal of a point, and a pair of reciprocd 
figures? 

4. Explain how you would represent fortses in a diagram so as to dater- 
miue those in each part of a structure, and eiplain the principles upon 
which the construction depends. 

5. State a rule for determining the kind of atresa in a bar. 

6. Illustrate and e^cplaia how yon would find the stresses in a firm qnadii- 
lateral frame. 

7* Illustrate and explain how you wonld tind the stres&ea in a firm tri- 
angular frame. 

8^ Illustrate and explain how yoa woiild find the atra«aes in the outliuft 
of a Mansard firame. 
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OoifT«KTs* ^Substituted Fratnea — King Poit rniBa— Right- Angled Stt 
TruBH — HcM>f Truss — Load at au Internal Joint of ft Frame — 
FtTBEch TruBs — ^Bowstrmg TruM— Questionf*. 

BubBtituted Frames. — The typaK rtf fmmes illustrated m the 
vtous Lecture, although not pnbctiaal examplet», are mtetided to 
be Hubstituted for some other tictual form in order to determm 
tlie reactions therein, since the reactions do not depend upon Uie 
form of f^ame canying the roofing, bat merely oa the distribntio!! 
of the loads. In substituting one of the above frames for i 
practical one, we must have the joints of the substituted frame 
coincident with those of the givea one. This will b© illustrated 
by the ftdl owing examples : — 

King-Post Truss.— In Fig. 18 we have the Frame Diagram d 
a king post truss with wind pr*?ssure on the right-hand rafter. 
In this case, we asaumei both rafters to be anchored to the walls. 
Therefore, all we know about the elements of the reaetioBS are 




Flo, 18*— FB4ME DlAOHJilC OF KiNO POST Thuss. 

their points of application} and that their lines of action are 
parallel to each other, as well as to the line of action of the 
resultant of the external forces. 

Before we can determine the Stress Diagram for this frame we 
must lirst determine the reactions^ because more thaiL two bars 



KING-POST TBU88. 
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5t in eacli of the joints except the two where the reactions 
Consequently^ until we determine all the elements of the 
ctions we caxmot begin at either of these two joints. 

E 



/L 



Fig. 19.— Substitutkd Frame. 

In order to determine the reactions, we shall substitute a 
frame similar to that illustrated in Fig. 15a. This substituted 



/ 
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Pre. ao.— Snutss Diagram roB Substittoed Fbamb. 
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frame is shown in Fig. ID. In practice, this frame is me 
siketched in order to apply the proper letters. The dotted li 
are drawn ia the Frame Diagram, or the set square is aim 
made to pass through the requisite jointa, and then the li 
are drawn parallel thereto in the Stream Diagram, To ob 
Fig. 20 we begin by drawing the line of loads. Then, we 
the point X, wht^n a line from the point X drawn parallel to 
substituted bar X Y, and one from the point parallel to 
rafter G Y fix the point if* Nes:t we find the point No 
the line of action of the resultant of the external forces 




^IG- 2L— Stress Diagbaji foe Kino Post Tbuss; 

parallel to the line joining L with B. Therefore, the point 
must lie on this line since the reactions L A and A B 
parallel to each other and to the line of action of this resultants 
Consequently, we find the point A by drawing through tho 
point Z a line parallel to the bar Z A so as to intersect L B in 
the point A. This determines all the remaining elements of the 
reactions J vi^.: — 

(1 J Their lines of action parallel to L A and A B, 

(2) Their ways from L towards A, and from A towards B, 

(3) Their magnitudes by the number of units of length in the 
lines L A and A B, 

We can now draw the Btresa Diagram lot truss, 



BIGHT-ANGLED STRUT TRUSS. 
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«s shown in Fig. 21, from which the particulars for the various 
members may be determined. Comparing Fig. 21 with Fig. 20, 
we see that nearly all the lines of Fig. 21 lie along the lines of 
Fig. 20. In practice we simply draw Fig. 21 on the top of 
Fig. 20. 

This method of a substituted frame introduces fewer errors 
due to drawing, than the usual method of the funicular polygon 
{which will be illustrated further on), because we make use of 
the same joints of the frame for the two Figs. 20 and 21, and 
the same line of loads. 

There is one line in Fig. 21 which will check the accuracy of 
the Stress Diagram. In drawing the diagram we begin with 
the point M, and then find the points N, O, and P. The line 
joining P to H will then be parallel to the rafter P H, if the 
Sti*ess Diagram is correct. 

Bight-Angled Strut Truss. — In this frame we have introduced 
loads at the lower joints as well as roofing weights and wind 




Fig. 22.— Fbamb Diagram tor Right- Angled Strut Truss. 



pressure. We also assume the two rafters to be anchored to the 
walls, as indicated by the two dotted curved lines LM 
and A£. 

We must first find the reactions before we can draw the Stress 
Diagram. In finding the reactions we will substitute the frame 
which is shown in Fig. 23. 

First Method op Obtaining Stress Diagram for Original 
Frame. — Produce the lines of action of the loads at the lower 
joints until they intersect the rafters. These points of inter- 
section are considered as joints in arranging the auVi^^ivfcvx^^^ 
ftme and ihe lower Joads assumed to be acting at tYie^e yyvxi^ 
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aa shown in Fig. 23, The forcea /F and H A in Fig, 23 are the 
loads N A and M K in Fig, 22 traniiferred as explained* 




Pig, 23.— SnwTTTUTBD Fka^b. 

The Stresi Diagram for the subatituted frame is illustrated m 
Fig. 24 and presents no difficulty requiring explanation, Thii 
diagram gives the reactions L T and T R 




FlQ. 24. — StHKSS DlAGIUlM FOE 

StrjBSTiTUTiJ> Frame, 



Fig. 25, — Stsicssi DiAaaiH 
■ftOB. Qvjssins AL Frame. 
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Tn order to draw the Stress Diagram for the original frame 
which is illustrated in Fig. 25, it is necessary to redraw the line 
of loads taking them in their order as in Fig. 22. That is, B 




Fio. 26a. — Frame Diagram. 

ITITUTKD FrAMB FOR TOP JoiNT LOADS. 



CD, DE, EE, EG, GH, 
HK, KL, reaction LM, 
MN, NA and then reac- 
tion A B. The drawing 
of the remaining part of 
the Stress Diagram calls 
for no special remark. 
(The above Stress Dia- 
gram is not completed for 
want of space.) 

Second Method. — Take 
the top joint and the 
lower joint loads separ- 
ately. In Eig. 26 we have 
the substituted frame for 
the top joint loads and 
its Stress Diagram. The 
Stress Diagram, Eig. 266, 
determines the reactions 




Fig. 266. — Stress Diagram. 



LW and W B due to the loading on the rafters. 

In Fig, 27 we have a frame similar to the one illustrated in 
Fig. 14a. The joint A N S is any point in the line of action or 
the load N A in Fig. 22, and the joint N M R S any point in th^ ^ 
line of action of the load M N in Fig. 22. The left and rigl 
hand lower loints of Fig. 27 are the rafter ends in Fig. 22 
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In Fig. 27 the load T A is tho reaction W B found in Fig- 265 
jreversed* The loads A N and N M are the ioads at the lower 




E^o. 27-— Substituted FBAara Diagram for Low«b Joint Loads. 



jointB in Fig. 22, and the load M V is 
the reaction LWof Fig. 266 reversed. 
Therefore, if we draw the Stress Diar 
gram for the frame of Fig, 27 we deter- 
mine the reactions dtie to all the loads 
of the original frame of Fig. 22, 

In Fig. 2S we have the Stress Dia- 
gram for the frame of Fig, 27. The 
reiictions are represented by the lines 
V JJ and U T. This figure has been 
drawn to a smaller scale than Fig, 24, 
but the lines Y IT and U T of Fig, 28 
contain tlie same number of units as 
LT and TB of Fig. 34. 

Roof Trass.— In Fig. 29 we Imre a 
frame of a type that will not allow of 
the Stress Diagram being drawn in a 
regular manner^ but only in a step by 
stej) process. 

Fig. 30 shows the substituted frame 
used in order to determine the reactions 
Fig. 31 we have the Stress Diagntm for 




Fio. 23. — Stbes^i Dia- 
gram Toa Fbamk in 
Fig. 27. 



L A and A E, and in 
both Figs, 29 and 30, 

In Fig. 31 we draw first the hne of loads, second we find the 
point O, then X and D X fix the point X, and X Y and X Y 
fix the point Y, On drawing Y A parallel to the bar Y A, and 
L A parallel to the line of action of the reaction at the right- 
hand joints we determine the reactions L A and A B. 

The point O is the same in both Stress Diagrams, but we 
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cannot determine the points N and Q until we have found 
points M and K The point M is found by drawing lUt 




Fig. 29. — Fbamb Diagram of Roof Truss. 



parallel to the rafber D M, and A M parallel to the tie-bar A 
then M K and N O fix the point N, and similarly for the poijajb 




Fig. 30. — Substituted Frame for Fig. 29. 



Q- Again, although N may be determined, P cannot be fised 
^til we have found Q. 
The line N P or P Q forms a check line. 

flote. — The dotted lines of Fig, 31 are the only part of the Stress 
^gram for the siibstituted frame that has not been required for 
^^^^^^md frame. 
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Load at an Internal Joint of a Frame.— In Fig. S2a we bave 
frame the same as the iast one, but with a load appii.cd at 
joint inside the trame. This load is represented in the Fram 
DiagraiJ) by the gmall arrow near the letter P, and is applied 
the joint O P Q T. 

Note* — ^/ ^^J^ force had been applied at a poiT^ in the bar, t/' 
equivalent parallel forces applied to tJie joints at ihe end of the 
will allow a solution to be determined. 

To obtain a solution lor this frame loaded as showoj int" 
duce a bar with its centre Hue lying along the line of action 




Fig. 31.— Steess DiA&aAM tor both Boor Truss anu 

the given force. Then, where this bar cuts au outaide member 
of the fi-ame, apply a force having uU its elements (except* 
ing the point of application) the same as those of the given 
load. 

The introduced bar is represented in Fig, S2a by the dotted 
line S and the applied force by the chain dotted line M A, 
The force MA will have the same action on the members of the 
frame through the bar S T, that the load at the juint O P Q T 
hus, theretbie the load must be lett out after M A is applied* 

/jtote. — TJie introduced bar^ might itave bee7i placed betwem ih^ 
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joint where the load %8 acting and the rafter^ and the equivalent 
jorce applied <U the tx^fter end of the bar.* 




Fio. 32a.— Frame Diagram. 
Roof Truss, with Load at Ii^ternal Joikt. 




Fig. 326.— Stress Diagram. 



*The student should work this method as an exercise. Some of th< 
™c« of the Stress Diagram will be lowered hut the stresses will remai 
unchiiiged. 



160 



LEOTUEK XXT, 



The Frame Diagram, Fig* S2<e, is loaded aimilarly to the frani 
of Fig, 22. The reactions are therefore found in the same way. 
After the external force polygon haa been drawn, the Stresa^ 




Fjo. Sia. — Fr4HE Biaobam, 




Fio- 33&, — Strkss Diagram. 
Fkamb Rkquieing Spkcial Methods fob Soi^ution. 

Diagram may be completed by the same method a3 that used 
the fr'ame of Fig. 29, 

Beferriag to the Stress Diagram of Fig. 32(1, we see that i 
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bar TS exerts tlie eame pull at the joint T S M A tbe force 
M A* These two therefore balance each other, antl we are left 
with the pall which the bar S T exerts on the joint P Q T. 
This puU ST, on the joint O P Q T, is identical in Till its 
elements with the load ; and therefore, tht^ stresses in the 
members of the frame will be identical with those due to the 
original load. 

Modified French Truss. — This Truss is illustrated in Fig. 3Ba, 
and presents some difficulties in its solution. We first deter- 
mine the reactions as already explained and draw the external 
force polygon as in Fig. 336, Secondly, we draw D P and A P 
parallel to the bars D P and A P respectively. This fixes the 
point P* But, although we know the point P, we can get 
neither Q nor R, nor any other point but X. This point X, 
however, does not help us, because we can proceed no further 
by aid thereof with the Stress l^iagram. 

First Methub or Obtaining thb STHEsa Diagram.— We 
know that the point R Hea on a line drawn through F parallel 
to the bar F II and that S liea on a line drawn through H 
parallel to the bar HS. Now, assume a point R' anywhere on 
the line F R and draw R' S' parallel to the bar R S and H S' 
parallel to the bar H 9. This fixes the point S', Then S'T' 
and A T' fix the point T'^ and R' Q' and T Q' fix the point Q'. 
Kext move the ligure H' S' Q' parallel to itself keeping E.' on 
the line F R until Q' lies on a line drawn through P parallel to 
the bar P Q. This is done by drawing Q'Q parallel to F R so 
m to intersect F Q in Q. This determines the point Q. Then 
Q S and H S fix S and Q R and F R fix R and so on for the 
other points. 

Second METHoa — Substitute the bar Y Z {as shown by the 
dotted line in the Frame Diagram, Fig. SBa) for the two bars 
Q R and R S. This bar transfera the action of the loads at the 
joint G H S R F to the joint P Q T A ; and therefore, the stress 
m T A will be unaffected. If the bar H S had been divided and 
similarly braced^ then a bar from that joint to the joint P Q T A 
wuuld enable a solution to be found. 

In the Stress Diagram, Fig, 335, we begin by finding the 
poiat P, then the points Z, and T respectively. Having 
found the point T we can then proceed to find the other points 
^ the eanie way in the previous cases. 

TmHD Method. — First, find the atresa in the bar T A, by 
t*Hng one of the sections of the truss and thus obtain the 
i^nltant of the loads and the reaction of the wall on that 
^on. Second, ascertain what stress in TA combined with 
■^tioE of the other section of the truss on the apex will 

u 
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bailftnee this resultant. Fig. 34 represents the right-band aeeti 
of the Truss of Fig. 33a. There is no wind pressure on this 
side. The loading consists of | K L, L M, M N and N O in 
Fig. 33^^ The resultant K' Fig. 34, of these four loads passes 
through the centre of the rafter since K is equal to ^ K L and 
L M is equal to M N. 
# 




WiQ* 34<— Loads on Right- Hand Section. 





We have now to find the resultant of W O and 
reaction O A. Draw the line a b an j where catting the lines of 
action of the forces TC^ and O A as shown in Fig. 34, Through 
6 draw c d at any angle to a b. Make b e 
represent to scale the force Kf O and c d 
to the same scale the reaction O A, Then 
join a with c and through d dtB^w df paral- 
lel to a Cf so as to intersect a b produced 
in /. Then / is a point in the line of 
action of the resultant of the forces K' 
and OA. Its Hne of action is parallel 
to the lines of action of the forces K' 
and A, and its nxagoitude is equal to 
their difference — that isj K' A in Fig, 35, 
Kext produce the centre line of the 
bar T A in Fig. 34 to intersect the line 
of action of K' A, the resultant of the two 
forces K'O and OA. Then since the 
resultant K'A, the action of the stress 
Ift Ihll T A, and the action T K' {Le.^ the reaction of the 
roti^iJMl itCttiou on the apex of the frame) form a system of 
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forces in equilibrium. The line of action of the force TK' 
must pass through the apex and the intersection of TA and 




Fio. 36a. — Fbams Diagram. Bowstbino Truss. 

K' A, consequently an 
application of the tri- 
angle of forces will give 
the value of the stress 
in TA. This is shown 
in Fig. 35, where K' is 
the centre of K L and 
the other points are points 
in the line of loads as 
in Fig. 336. When this 
is known, the Stress Dia- 
gram can be completed. 

Bowstring Truss. — 
There is no difficulty in 
drawing the Stress Dia- 
gram for this truss, but 
if commence in the 
usual manner by drawing 
DRand A R, by the time 
^0 get to the other side, 
the finishing line would most probably not be parallel to its cor- 
responding bar in the Frame Diagram. This is due to the short 




•kc, in th« Fnune Diagram 
Lrnre cQinparefi to the loaiiiELg: •m 

in on^ of thf^ e^ntre uit^ — e.^^ A X, W .is^i (if li Titp|ilimnii ntngr 
fTATne. Then^fore, \n f>rtier t<i Snii ch(* reaetiiiiii^ Use wind pies- 
BTTTfl mi^y be i?iip[K>«eri to act on a. mirfiuce canj^^ntial to the 
rtf the roof at th<- joint* ; the length of the suriat?fr bemg eqoai 

th« ftiiTt of th** [ WO half tiar^ on "^ach ■ride of the joiniL Ti» 
wind pi^^j^iftsre at i^*ach joint will act along the radud linm ast th» 
Jointf and th^r^or« the resultant of th$$ win^d pmmzss utoaS 
pBMR fchmiigh the ^^f^ntrfl of th<ft out^r cmrved flaa^, 

Th<^ point 3 in r.h>^ Frame Diagram, Fig, 16f£^ is th« denize o# 
th* oi»t**r entv ^ Thta a pomS ia. A» Hiie of acr: 

eh^ fA^>lt.f%r>t TMb Sw 9 fanHel to cii 

rl a« Miiffn. BO, CET^^ wi 

O K i.-p^v-.rMt r.u^: wind pTtm^rm BC; H£ 

ff tir^ ro/r'^frj^ iirkiform, the eentre of the i 
fl&Tigp. wfH ti^ A fifont in the line of acti/m of the renhul iaai> 
The^^lfflT^, th^ riMitilt*irft of Ui« wind prAasnrr? ami of tte mi£Bg 
w^ij^ht will nho |f>if|ji ihrritj^h the point 0. The line of acc£Qii«f 
t\m TfHnUnni will }rn |f»rAl(r^I to tne Hne joining B withQ indc 
Bitmn iiiaj^rAfn i nlonK th^ line 3—6 in the Frmme Diagnm. 
Tim Trnnn i§ hi noiitlihrium unUtirthc) resultant load acdiig akof 
ilm lino *^ — 6, Tltn lliii} of ttctjrm of the ri^ht^hand reaction ii 
khrmn^ tmr] ihf" poini of fipijHmtion of the left-hand reactioti ia 
alnokfirjwn. 'rti^nn tUrm forceM inuftt pn&n through one paint 
Thej'f*fofM thf* lifiP joioiti^ Ihi* point 1 with the point where tbe 
line 3 — fi niUfi ih** lino *i — will gtvo the line of action of the 
lefl-hrthd rencihiri. Wnt th»' ]inint of intersectioti of the lines 
3— B rind 2^ — H would hp fnr off llio papur we use the following 
eonRtriit^Mon ; — Join thi' point 1 with 2^ 2 with 3, and 3 with 1; 
then Inkf^ tiuy point in t.lo^ lirm of action of the right-hand 
rmiMion nrid dniw H — C |vi\mlUd to 2 — 3. Then draw 6—4 
pumllid to 5 1 iiivd 5 — 4 pftmllol to 1 so as to intersect 6—4 
m thf^ jioint 4. If the point 1 ho joined with the point 4 the 
tbf^ iint* 1- -4 will pimn thr-ough th<^ point of intersection of the 
lihp -^-^(5 with the Hoe 2 — 6/ The line I — 4 is therefore the line 

fiHion nf tht> lei>.-hfind rFaetion. 

J ft ihp KtiTiP l^iAgrnm^ Fig. 36?>j draw a line through the 
point h pnmllf^l Us tVo^ \— 4, ^ to intprsect the liue Q A 
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We shall first determme the stress in X A. Assume a point 
9 anj where and connect it as indicated bj the cljain dotted lines 
tn the Pmme Diagram. This point 9, when connected with the 
jomta of the outer flange, forms a supplementary frame in 
*ijuiHbrium under the following forces : — 

[1} The wind pressure. 

m The loads C D, E F, G H, K L and L M. 
(3j The reaction A B. 

{i\ The action of the stress M Y on the joint L M Y X W. 
(5) The aotion of the stresses in Y Z and Z A on the joint 

h the mean time J the internal bars R A> R S, S T, T A, on to 
an'l X A are left out of account. 

In the Stress Diagram, Fig, 3(>Zi, we begin by drawing A / 
pftTillel to the supplementary bar A/ and D / parallel to the bar 
0/ This fixes tlie point f. Then fg and give the point 
iF and 80 on until the point m is obtained. Now^ draw m Y 
parallel to the bar m Y {which is coincident with the bar X Y) 
aJidM Y parallel to the bar MY this fixes the point Y In a 
^ittular way Y X and A X fix the point X^ when the Stress Dia* 
iPam may then be finished in the usual way. ThiB method gives 




K 

To Illusteatb Example L 



^OTb accurate estimate of the several stresses than by following 
tiid uiual direct plan^ as explained at the beginning of this 
^^ple. Moreover, this construction is perfectly general in its 
Application and may be used to determine the stress in any one 
'if of a frame, 

EuMPLE I,— A is a point in a wall 10 feet vertically over 
miker point B, From A and B there project two horizontal 
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bars, A C, B D (the former being 10 feet and the latter 6 feet 
long), and D is joined by two bars with A and C. If a weight 
of 15 cwts. be hung from C, find the stresses on all the bars, and 
show which are in tension. Find also the resultant stress on 
the point A. You may neglect the weights of the bars. 

Answer. — In the figure we have denoted the spaces by letters 
according to Bow's notation. To obtain the Stress Diagram we 
must draw HK parallel to the force HK and 15 units long. 
Then make H M parallel to the bar H M and K M to the bar 
K M. This gives us the point M. ML parallel to the bar M L, 
and K L to the bar K L, fix the point L. H L, when joined, 
gives the reaction at the joint A, and the other lines the stresses 
in the bars. Their values are marked on the figure. A C and 
A D are in tension, while C D and B D are in compression. 
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Lectubs XXV. — Questions. 

1. A king post trass, whose height is one-fourth of its span, is loaded at 
the joints with vertical loads of 15, 30, and 45 units respectively. Deter- 
mine the nature and amount of the stresses in each member of the frame. 
(& ft A. Adv. Exam., 1896.) 

2L a roof of 28 feet span, height 7 feet, rests on king-post trusses, 10 feet 
apart The weight of the roof is 20 lbs. per square foot. Find the stresses 
on each part. 

3. If the above roof has a wind pressure of 40 lbs per square foot on one 
side, find the stresses on each part. 

4. A roof of the form shown in Fig. 22, is 40 feet span and 10 feet high. 
The horizontal tie-bar is S feet below the vertex. Find the stresses in each 
part when loaded with 2 tons at each joint. 

5. If, in the previous question, the maximum wind pressure on one side 
be 2 tons on each bay, find the stresses on all the bars. 

6. Suppose both ends of the roof truss in Fi^. 29 are anchored, and that 
in the substituted frame the bar X Y slopes m the opposite direction to 
that in Fig. 30 ; find the reactions and the stresses in the roof truss. 

7. Work out the stresses for Fig. 32a by the method referred to in the 
second note. 

8. Suppose both ends of the modified French struss in Fig. 33a are 
anchored, and that the substituted bar Y Z lies across the spaces V and 
W; find the reactions and stress (1) neglecting wind pressure, (2) when 
wind pressure is taken into account. 

9. Find the stresses in the bowstring truss, shown in Fig. 36a, when 
both the ends are anchored (1) without wind pressure, (2) when wind 
pressure is taken into account. 

10. The following figures give the Frame and Stress Diagrams for a 
French Trass. Verify the Stress Diagram and redraw it in the manner 
explained in the text. 

11. Draw the Stress Diagram when there is a wind pressure of 4 tons on 
the left-hand slope, assuming both sides of the roof to be fixed to the walls. 
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CoNTBi^Ts.-^Deficjent Framea— Iron King Poat Truss — Qneeii Post Fn 
—Solution of th^ Second Me tliod— Solution of tlie Third Metho 
Solution of the Fifth Method — Yieldingneas — Queafcions. 



DeficieEt Frames.— Iron King Post Truss. — In practice the f 
of the king rod K ia made virtustlly solid^ as shown bj the i 
lines in Fig. 37a* If the short bars N A and A are mtwle ire 




Fia. 37a,— Frajo! Diaoraji'I'or BsFroiBNT Km© Post Truss. 

jointed at N O A, it will be evide 
that the spaces K and O won 
change their shape if the loads 
the centre of the rafters were u 
equal. This change of shape 
resisted by making the joint N 
rigid. 

Sinoe the bars N A and A a 
very short compared with the oth 
members, we can draw the Stn 
Diagram as if the frame were ma 
as shown by the dotted lines 
Fig. 37a. The full linea in F 
376, which is the Stress Diagrs 
of Fig. 37a, are drawn on the ^oo 
assumption. 




Fig, 376.— Stress Dtaoram fob 
DEficiKKT Kino Pobt Truss, 



I 
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a HiLe of section be drawn, beginning in one space of a 
e Dii^am and ending in anotber, so as to pass throiigh a 
or crosa two or more bars^ then tlte line joining the points 
the Stress Diagram named after the beginning and end 
ces gives tbe resultant of the stresses in all the bars meeting 
or crosslBg that Une* 

student can easily verify this by referring to the 
53 Diagram. 

Fig. 37a a shaded line is shown beginning in the space T> 
ending in the space O. Then in Fig, 376 the chain dotted 
> O ia parallel to the line of action of the resultant of the 
ea in the bars DM, M N, and N O, The length of the 
D O gives the magnitude, and from J) to O the way of the 
Itant with respect to the top side of this section. A point 
the line of action of this resultant may be found by drawing 
line tbrougb the joint I> E F N M parallel to the line joining 
with 'N in the stress diagram to cut the bar N O produced, 
e line is the resuittint of the stresses DM and M N, 

must pass through the joint D E N M. The dotted 
OA Kives the resultant of the stress actions in the bars 
P and P A on the imaginary joint N A. Therefore, since 
e bar O A is very short, the force acting on the pin at tlie end 
this bar will be approximately represented by the elements 
und from the line OA* Similarly, the 
otted line N A gives the elements of the 

acting at the end of the short bar W| 

le forces acting at the foot of the King 
are represented by Fig. 38. These 
fs produce bending and tension in the 
pirtaOA, k N, and NO. 

Queen Post Frame. — A Queen Post Frame is represented in its 
Urm\ position by the solid lines in Fig. 39. If the fwime be 




Jm. SS.-FooT OF 
King Rod. 




hfl. 39, — T)jsT*iRTioN Lif A Freely Joiktsu Qubew Post Fraui. 



172 



LECTtIRE XTYL 



1 



freely jointedj it would be deformed into the shape represeni 
bj the clotted lines by a single force B C applied as shown i 
joint NBCPO. 




Fig, 40a.— FRAsta Diaokam. 
Quittjr Fo^ Fea.m£| with Part ow Tie- Rod Made GoNTnnro 




shape 
ways, 



may 
such 



This cliange of 
resisted in several 
the following : — 

(1) By a diagonal in the oe 
tral parallelogram. Ti 
diagonal would have 
stand push if the wii 
caught the frame on oj 
rafter, and pull if the wii 
pressure were on the othe 
or the stresses might 
due to snow. It is 
usual practice to p 
two diagonal ties in tl 
parallelogram, so thatwh* 
a push comes on one S 
gonal the other receive* 
as a pull. In drawing t3 
Stress Diagram for such 
frame, if a push comes mi one of the ties, we omit tli 
bar and take the other. 
(2) By making the Vm^r continuous between the joints M 
and P C A, and therefore able to resist being bent in 
the dotted form shown in Fig, 39* 



Fig. 40&.— STREas Diagram* 
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(3) By making the whole tie-heam continuous. This causes 

the frame to hecome redundant; t.e., it may be self 
stressed, by having the bars M O and O P of unequal 
length, or badly fitted. 

(4) By making one rafter continuous. 

(5) By making the rafters and tie-beam continuous. This 

is the usual form in actual practice and causes the 
frame to become redundant. 

SolutioD of the Second Method. — The reactions are ascertained 
>y a Substituted Frame as already explained. In the Stress 
Diagram, Fig. 406, we begin by drawing DN and FN; M and 
^.M ; N O and MO; O P and H P all parallel to their respec- 
sive bars'. Then P and O joined with A give the finishing 
lines of the Stress Diagram. The lines A P and A O are not 
parallel to the bars A P and A O. This indicates that there is 
bending in the continuous part of the tie-rod. 

In Fig. 41, the forces are shown 
acting on the part of the tie- O 1 P 

beam which is continuous. The - I — ^^ ^^ 

vertical components of the forces A 
AO and A P produce bending in Yiq. 41.— The Continuous Part 
the bar, while the horizontal com- or Tib-Bbam. 

ponents produce tension. 

Solution of the Third Method. — Having found the reactions 
and drawn the External Force Polygon, as in Fig. 426, we can 
then find the point N. We observe that O must lie on the line 
No, which is drawn parallel to the bar N O ; M must lie on 
the line D M drawn parallel to the bar D M, and P on the line 
KP drawn parallel to the bar K P. 

On reference to Fig. 39 we see, that so long as the rafter ends 
always remain in the same horizontal line, the joint O P A must 
go down as much below the horizontal line as the joint M O A 
goes above it. Therefore, if the tie-beam is equally rigid along 
its length, the push required to distort it at the joint O P A 
must be equal to the pull distorting it at the joint M O A — that 
is, OP must be equal in length to MO in the Stress Diagram, Fig. 
426. If the tie-beam be unequally rigid, then the push and pull 
▼ill be in proportion to the rigidity at the joints O P A and M O A 
in Fig. 39. In Fig. 42a the distorting force is on the left-hand 
rafter, and therefore the joint MO A will go down ; consequently 
MO is subjected to push stress. 

We can now proceed with the Stress Diagram in Fig. 426. 
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Sm mo keq«l m knf^ O P aad M Mmt tie ^ 
«te liM B M mtanedB die tine K P. AiEKm, O F am 
at« p«mllel to tbe Im O P aad MO retfeedTc^, wd ] 




pai^el to the b^r E 
This fixes tha point 
Joining the point P M i 
the point O with A 
complete the stress i 
gram, d 
The forces aeting oA 
tie-beam are Olngtrated 
Fig, 43. The force ( 
and the vertical componi 
of P A coQStitnte a eoo 
tending to produce clo 
wise rotation. The fo 
M O and the verti 
component of A M fo 
another couple of eq 
momentj and also prodi 
clockwise rotation, Th 
two couples bend the bes 
Flu, m^-^TEMSs BiAGaAH. as indicated in Fig, 

boriBoalal components of the forces A M and P A prodi 
%mH[tnTi m ihe tie-beam. 

5f*^^ tuppofto the rigidity of the tie-beam at the joint P A 
|j# I lis ngiditT at the joint M O A, then Oj Pi mnst equa 




1^ ^^^^ remember that the joint O P A is always 
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Eh above as M O A is below the horizontal line. A con- 
ctiqn to determine Mj, P^, and Oj is shown by the dotted 
B in Eig. 426. The point 2 is taken anywhere in the line 
H O. The line 2 — 5 is drawn perpendicular to line N O, and 
the line K P is produced to cut the line 2 — 5 in the point 4. 
Then the length 2 — 4 must be to the length 2 — 5 as the rigidities 
«l the joints. In other words, the line 2 — 5 is three when 2 — 4 
18 two, and therefore 4 — 5 is equal in length to half of 2 — 4. 
Now join point 5 with point 1. This line cuts the line D M in 
the point Mj, and by drawing Mj Oj parallel to the bar M O, 
ind N parallel to the bar N O, we obtain the point O^. 

The finishing lines of the Stress 
Diagram, Fig. 426, are obtained by My o p 

joining M^, Pj, and with the ' a ' 

point A, and are shown by the chain 43.-Foroes Acting 

dotted lines. on Continuous Tie-Bkam. 

Solution of the Fifth Method. — In this arrangement of bars 
ffig. 43a) if the joint F G H P O N descends through a small 
oistance (say 1 inch) then the joint O P A of the tie-beam will 
descend 1 inch, the joint A M O will go up 1 inch and the joint 
MCDN O will rise 1 inch. Now, all this will take place irre- 
spective of the rafters and tie-beam being of equal or of unequal 
yieldingness. 

Tieldingness. — Two springs are of equal yieldingness, when 
they stretch through the same amount under equal loads. 
One spring would have a yieldingness of three times another, 

(if the first extended three times the amount that the second 
4lretched under the same load. 
Further, if two springs of equal yieldingness are attached to 
fte same load, so that they each extend through the same 
tmount ; then each spring will carry one half of that load. But, 
if two springs of unequal yieldingness are attached to the same 
load, so that they each extend through the same amount ; they 
vijl each carry a share of the load inversely proportional to their 
y«dingness. Suppose we have two springs, the first one 
>bretches say 1 inch under a load of 3 lbs., while the second 
Otte extends 1 inch under 1 lb. ; then, if these two springs 
tte set to carry a load of 4 lbs., they will each extend 1 inch 
aad the first spring will carry 3 out of the 4 lbs., while the 
8ecx)nd will carry the remaining 1 lb. 

The above remarks apply equally to bars supporting a load 
toween them, whether they are under a similar kind of stress 
or not For example, suppose a beam is jointed to a rod attached 
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to a rigid point above it; theoi their jieldingTiess woiild ^ 
measured by the amounts thej would each come down un 




Fig. 43ci.— FaAKE Diagram. 
Qu:EETf Post FhamRi with EirTEfta mtd Tie- Beam CoKTiNcroca, 

the same load, as appl 
to each separately at 
point wbere they 
jointed to each other. 

Referring 
Diagram, Fig, 43a, 
shall assume in. the 
place, that the yieldingne 
of the rafter at the cent 
in a vertical direction, 
the same as the yieldin 
ness of the tie-beam at 
joint O P A, also in a vi 
tical direction.* The^ 
fore, whatever is 
amount of the vertifl 
coiaponent of the distill^ 
ing force, they will each I 
sn bj ec ted to th e sa m e str 




Fro. 436.— Streps DrAoiiAM. 



Before we can do anything to the Stress Diagram, Fig. 43 
we must first find what amount of the distorting force pasi 
into M O and O P in Fig. 43a, on the assumption that the rafu 
are ft-eeiy jointed at tli^^ir centres. 

Figs. 44a and 446 ahow how this is done. In the Fran 
Diagram, the force Q G is the difference between the loads C D 



* This doen not me&a that the r*f t^r euid the beam have equal rigidity. 
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and FG in Fig. 43a, and GH is the same as in that figure. 
Now draw the Stress Diagram, Fig. 446, in a similar manner to 
Fig. 426. That is, Q G and G H are drawn to the same scale as 
the line of loads in Fig. 436, when T will coincide with Q. Draw 
TTJ parallel to the bar T U, Q S to Q S and H V to H V. The 
pull S TJ is equal to the push U V ; therefore S and V are at the 
intersection of Q S and H V. Then S U drawn parallel to the 
bar S U completes the Stress Diagram, Fig. 446. 

The lengths of S U and U V, give the stresses in the Queen 
Bods S U and U V, on the assumption that the yieldingness of 
the rafters is infinitely large. But, the rafters have the same 
yieldingness as the tie-beam and therefore only half of the dis- 
torting forces will pass to the tie-beam. This means, that the 
pull in the Queen Eod M O and the push in the Queen Rod O P, 
are equal to one-half of S U and U V respectively. 




Fig. 44a.— Frame Diagram. Fm. 446.— Stress Diagram. 

Frame Carrying Distorting Forces only. 



In the Stress Diagram, Fig. 436, H and C M^, are drawn 
parallel to H P and M of Fig. 43a until they intersect. M^O 
is drawn parallel to M O and A X is a horizontal line through A. 
On the line M^O mark off two points O and M, where O is as 
much above A !K as M is below it and the distance M O is equal 
to one-half of S XJ. This fixes the points M, O and P of the 
Stress Diagram, because P coincides with M. 

Now, draw D and F parallel to the bars D N and F N 
nntil they intersect at N^. Through draw N^N parallel to MjO. 
Then draw O N parallel to the bar O N, and we shall have found 
all the points in the Stress Diagram, Fig. 436. On joining C with 
M; H with P ; D with N ; F with N ; O with A ; M with A ; 
and P with A we finish the Stress Diagram. The dotted lines 
represent the Stress Diagram when the yieldingness of the 
rafters is less than that of the tie-beam. 

Divide S XJ into two parts, having the ratio to each other 
that the yieldingness of the rafter bears to the yieldingness of 

V2 
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the tie-beam. Then M.^ will have the smaller length as 
vflrlue, if the yieldingness of the rafter is the smaller; 
0-2 will have the larger length of S U if the jieidingne 
the tie-beam is the smaller. For example, let the tie-beam 
twice as yielding as the rafter. Then divide 8 XJ in the pro 
tion of 3 to 1 — i.e^i into three equal part^s — and make eq 
to one of the three parts ; keeping in mind, that is as m 
above A X as is below it. 



QUESTIONS. 
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^ Lkoturk XXVL— Questions, 

1. explain and prove the rule for obtainiDg the resultant of the stresses 
in all the bars of a frame crossing any given section. In Fig. 37a what is 
"tibje resultant of the stresses in the oars A P, P K, and also in the bars 
AM, MN, andNF? 

2. The dimensions of an iron king post truss for a roof are : — Span, 20 
feet ;- height, 7 feet ; distance between trusses, 8 feet. The roof weighs 12 
lbs. per square foot. Find the stresses in each part. 

3. In the above question find the stresses when the wind causes a pres- 
sure of 30 lbs. per square foot on one slope. 

4. Explain the differences caused in the stresses by the different methods 
of completing a queen post frame. Mention some of the advantages and 
disadvantages of each. 

5. A queen post roof has a span of 30 feet, and is 10 feet high. The roof 
weighs 10 lbs. per square foot, and the principals are 10 feet apart. Find 
the several stresses if the rafters and tie-beam are continuous. 

6. If there is a wind pressure of 25 lbs. per square foot on the roof in 
Question 5, find the stresses in the bars. 



NOTES ON LBCTUBB XXYI. AND QUESTIONS. 



KOTBS ON LBCTURB XXYl. AND QUESTIONS. 



182 



LECTURE XXYIL 



CoNTENm — Wharf Crane — Example I.— Common Jib Crane— BalaDceii 
Jib Craae — Derrick or Scotch Crane — Fotindry Crane — Sheer Leg*^ 
Example II. — ISO-Ton Stoam Crane — Tables of Dimeasjooii 
Weights of ISO-Ton Cr^e— Example III. — QueatioDS. 

Wharf Crane. — Suppoaej m in Fig. let, that a single movable 
pulley carries the load W, Then, neglecting friction, the puU 
throughout the chain will be one half of W, Again, assume 
that the pull of the chain acta at the centre of the pulley or 
barrel round which it may be paBsing. In the Frame Diagram, 
Fig, la, the external forces acting on the frame are all duly 
indicated. At the Jib end, there are two forces — viji., tke 
pull of gravity J> E, on the supported mass, acting vertically 
downwards and the force D, due to the pull in the cliain 
which is assumed to he parallel to the tie* rod OH. At the 
top end of the vertical post, there are the forces B C and A B 

acting m shown, which are 
both due to the pull in the 
chain on the pulley at the 
post head. There is also ft 
force acting at the centre of 
the barrel along the crane 




Jig, la,— Frame Diagram. 



Whasf Crane. 




Fig, Stress Diagbam- 



post. This force must be tranaferred to the footstep as shown 
and is called E F in the diagram. There is also a pressure 
transmitted by the sole plats tjo ^f^TVVcvsX-^^^.. TlViia ^teaaure is 
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ass^tujed to have its line of action horizontal and is lettered G A, 
^^*islly, we have the action of the footstep on the lower end of 
tho Tertical post. 

The three forces D F G and G must form a system in 
^viilibriiara. Therefore, since the lines of action of D E and 
^ -A are known j if we pi"odiice them to meet in 0, then the line 
s*,ction of F G ia known because it must also pass through O. 
The Stress Diagram, Fig, 1^, may now be drawn. Draw 
^ti^ line of loads AB, BO, CD, D E, and E F, JSTow, draw 
^ O parallel to the line of action of the force F G and A G 
^ Parallel to the line of action of the force AG. These 

Mr 

m 

r foi 



Then if 
and EH 
The line 
H is the 
This line 



CH and EH 




the Extt^rnal Force Polygon, 
drawn parallel to the bars C H 
Respectively they fix the point H, 
joining the point A with the point 
finishing line of the Stress Diagram. 
I is not parallel to the bar A H because the bar 
I A H is subject to bending. 

In Fig. 2, we have a representation of the 
forces acting on the vertical i>03t ; from which, 
we can determine the bending, tension, and 
compression stresses in the crane post. 

The lengths of the lines G H and E H in the 
Stress Diagram, Fig. 16, give the stresses in the 
tie-rod and jib respectively. The horizontal 
component of G F gives the shear on the bolta 
of the footstep and G A the shear on the bolts 
of the sole plate. 

Example I. — In a wharf crane the post, tie- 
rod, and jib measure 15, 30, and 30 feet respec- 
tively, what would be the nature and amount 
of tlie stresses in each of the three members 
when a load of 7 tons is svispended over the pulley at the jib 
headj (1) when the lifting t^hain passes from the pulley to the 
drum or barrel parallel with the jib, (2) when the drum is 
placed so that the chain passes from the jib head parallel with 
the tie-rod ^ {S. and A. Exam., 1890.) 

Answer. — Firatj draw to scale a Frame Diagram ABCjas 
shown. Thia will be coincident with the centre lines of the 
different members of the crane. 

Case (1).— Here the lifting chain passes from the pulley at the 
jib head parallel to the jib, and, neglecting the friction of the 
pulley, we shall have two equal external forces at the joint C 
due to the tension in the two parts of the chain. 

order to draw the Stress Diagram, we may ^T^t "^t^icei^^ 



¥lQ. 2.— FOHCES 
ACTIKQ ON 

Vbrticai, Post 
OP Ckanb. 



In orde 

Ml 
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{letermine the resultant of these two forces and consider it as a 
single external force applied to the joint C, and then draw the 
triangle of forces. Or we niay at once draw the polygon of 
forces for the joint. Thus, draw bd to represent the load of 7 
tons, and d a equal to b d, and parallel to A, to represent the 
tension in that part of the chain over the pulley ; then drawing 
<icand6c respectively parallel to AC and B C, we determine 
the point c, and therefore the magnitude of the stresses in the 
jib and tie-rods. These will evidently he compression and ten- 
sion respectively. If we join 6 a we obtain the resultant 
external force at the jib head, and bac will be the triangle of 
forces determining the same stresses as above. 

The nature and amount of the stress in the post will depend 
on the mode of fixing it. It is evident that the pull 6 c in the 
tie-rods may be resolved into a vertical component b e, producing 
tension in the post, while the horizontal component e c repre- 
sents the force tendinor to bend the post round A. 

Cm (2). — Here the chain passes from the pulley parallel to 
the tie-rods. We proceed as before, and draw bd to represent 
the pull in the part of the chain above the pulley, and d a the 
pull in the vertical part of it, then a c and b c drawn ])arallel to 
AC and BO respectively, determine the point c, and represent 
the stresses in the jib and tie-rod. Again joining b a, we see 
that this represents the resultant external force at the pulley. 
The remainder of the diagram is the same as in Case (1). 

The magnitudes of the different stresses are shown on the 
<iiagrams, and enable us to compare the relative merits of the 
two arrangements. Thus, if we suppose the load to be sus- 
pended from the end of the jib without the intervention of a 
pulley, we get bdc in Case (1), or a c in Case (2) as the corre- 
sponding Stress Diagram. The effect of introducing the chain 
*nd pulley is in Case (1) to increase the thrust in the jib by 7 
tons— the pull in the chain — without affecting the pull in 
the tie-rods, while in Case (2) the effect is to diminish the pull 
in the tie-rods by the same amount — 7 tons — without increasing 
the thrust in the jib. Thus, other things being equal. Case (2) 
18 the better arrangement. 

Common Jib Crane. — In the common Jib Crane represented 
^ Fig. 3, the movable pulley has one sheave, and the chain 
passes direct to the barrel from the Jib-head. The barrel is 
<5arried by the cast-iron framing. There are two tie-rods in- 
clined at an angle ^ degrees to the centre line of the crane as 
shown by the plan of the tie-rods. We assume the cast-iron 
frame to be freely jointed where the tie-rods and the jib meet 
^ and also where the horizontal part meets the upright post. 
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The forces acting on the frame of the crane are indicated 
Fig. 4a, At the Jib-head there are the two forces W and ^ 
At the point in the bar G representing the centre of 
barrel, there ia a force 4 W, indicated bj the dotted Hne 
arrow head. The lines of action of the dotted force and 




FiGv 3.*— Oi]TJLi3oa DiAGaAM OF Common Jib Cbake, 



force B C are coincident. Thej lie along the line joining 
centre of the Jib-head pulley and the chain barrel. 

We have here an example of a force acting at a point in 
bar. The force acting at a point in the bar G H as represen 

• Th^ Plan of the Tie-Rods of this crane haa betn drawn to & larger acaM 
thaa the crone itself* 
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[ the chain dotted line, is replaced by the two equivalent 
L pftrallel forces D E and A B applied as shown. Their magni- 
[.tildes will be inversely as the lengths into which the bar GH is 
I divided while the sum of their magnitudes is ^ W. 

Before beginning the Stress Diagram, we must first determine 
I the values of AB and DE. Lay down a line to measure iW 
I md divide this line in the same proportion as the bar G H is 
divided by the line of action of the dotted force. Then, these 
two parts will measure to the same scale as the whole line, the 
respective values of the forces A B and D E. The greater force 
is placed at the end of the shorter division of G H. 

As in the last crane, the pull 
of gravity C D on the supported 
mass, the pressure- of the sole- 
plate E F on the upright and the 
reaction of the footstep FA on 
the upright, are in equilibrium 
and therefore their lines of action 
all pass through one point O. 








Fig. 4a. — Fbamb Diagram. 



Fig. 46.— Stress Diagram. 



Common Jib Crane. 

The line of action of E F is assumed to be horizontal and the 
line of action of C D to be vertical. In the Stress Diagram, Fig. 
46, we first draw A B, then B C, C D, and D E. This completes 
the line of loads. Now, from E draw E F parallel to the line of 
action of the pressure E F ; and, from A draw A F parallel to 
the line of action of the reaction A F. These two lines deter- 
mine the point F and complete the External Force Polygon. 
Then, draw B H and DH parallel to the tie-rod BH and the 
jib D H respectively. These fix the point H. Draw H G and 
EG parallel to the bars H G and E G. This fixes the point G. 
On joining C with G the Stress Diagram is completed. 

BH in Fig. 46 represents the stress on the tie-rod, on the 
aiBumption that there is only one tie-rod lying along the centre 
lineof the crane. W^e require, therefore, to resolve this stress . 
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into two ooinponenta, one along each tie-rod. This is done in 
'Btresa Diiigram by drawing tVora H and from B lines HM i 
BM i^h making an aagle with BH of degree a* llieiil 
lengthn of H M and B M measure to scale the atresses in 1 

Balimced Jib Crane. — The balance weight B W acting at G^f 
usually mounted oa rollers in order that it may be moved aem 
to the central post A when the load W is reduced. In tbis vij 
the moments of the load and balance weight may he kept i 
«r|uiUbriuu\ and thus prevent any undue bending action on 1 



3 



B W 



4 




Fia, 5.— B^LJiNOSD Jib Cbane. 

post at A, We nmy here remark that the balance weight 
at G and the load W at C are not necessarily equal, 

A single movable pulley carries the load W and therefore the 
tension throughout the chain is ^W. We asaurae that bais 
join B with D ; D with A ; A with B ; and A with H. These 
are all indicated in the Frame Diagram of Fig, 5. The line 
joining the centre of the pulley G with the centre of the chain 
barrel E is considered as the line of action of the stress in tlie 
chain. From the plan it wvW xWh. ^t^iwo tie-rods 
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; inclined to each other ; these rods are often made continuous 
.fit)mOtoH. 

The load of J W acting on the bar F G, Fig. 6a, is divided as 
explained in the previous example into forces B and K A. If 
W is known, we can find on completing the Stress Diagram, the 
magnitude of the balance weight A B required to balance the 
moment of the load W about the joint FGEKA. Or, if the 
balance weight be moved nearer the crane post we can find what 
veight may be placed in the crane hook. 




Fig. 6a. —Frame Diagram. Fig. 66.— Stress Diagram. 

Balanced Jib Crane. 

We begin the Stress Diagram, Fig 66, with the line B C, 
then C D, and D E. We next find the point H, then, G, F, A, 
and finally K. 

The actual stress in the tie-rods is found, by drawing H M 
and C M at an angle with H C, equal to half of the real angle 
hetween the tie-rods, as previously explained. From F and B 
draw F P and B P inclined to F B at half the angle between the 
parts of the tie-rods carrying the balance weight. If the tie-rods 
we continuous, then H M and F P are parallel. 

Derrick or Scotch Crane.* — In Fig. 7, AB is the central 
upright post, capable of turning round 
A and B. B is the jib and A C the 
tie-rod, which is usually a chain for 
^ing or lowering the jib. The ver- 
tical post A B is kept upright by the 
l>ack stays A E and A E^. These 
■tays are sometimes anchored to the 
pound, but are generally attached to 
the bars B E and B Ej. Boards are 
placed over these bars and stones or pig 
ifonare placed thereon to act as counter- 
weight to the load W. This crane is similar to that m "Si^. ^,*vd 

*See Bgure at end of this Lecture. 




Fig. 7.— Derrick Crane. 




U$ Am wihmm ^ ^ tiio^ ABC 

^IE,£mBd1^B£mAD»dBD. 
» to A a» if Ii wem laihiiini 

M »bM thesMTV AE adAl^ 

4»rrf iof thd loftd W ij attached to a 

aetmg on the crane are F O A, Afi^ CB^ £F (e 
W), B €f ftad D E. Hie externml fbm A B halwM M W^ 
OD bslaoM a A, therdbni the lem^iin^ E 
1> atiiJ F O lann a system in equiUbrtiiB. Tkmx lines 
act i on ^ill pa^ thmigli one pc^t O, ami their M^ufeudes mft^ 
be determined hj the tri^nj^Je of forces^ These results m&y 
made use of in drmwing the Stress Diagram, Fig; Sh- Commenflt 
by drawing E F, F G, G A, aad A B ail equal in magmtude to 
W, and parallel to their reapectiTe lines of action. If we dra*^ 
B C paraliel to the line of action of the force B C, so as to inte^ 
»ect the line through E parallel to the line of action of the forcei^ 
C D and D E in the point then bj marking off C D equal 
W we complete the external force polf gon* 
The stress in A H will \)e ttnaSecl^ Xt^i^^^M* 
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3r the footstep or the bearing at the top, so long as the line 
ction of the load and the position of the joints 1, 2, and 3 
edn imclianged Let us suppose that the footstep coincides 




Fig. 8a.— Frame Diagbam. Fig. 86.— Stress Diaobam. 

FouNDBY Crane. 

nth the point 1, and the bearing at the top with the point 3, 
hen the line of action of the stress in C H will be along the 



Fig. 10.— Forces Acting on Jib 
WITH Pulley at Point 4 on Fig. 8a. 



1^0. 9.— Forces Acting on 
UPBiGHT or Foundry 
Crane. 



Fig. 11.— Forces Acting on Jib 
IN Fig. 8a with Pulley 
AT End of same. 



<^iitre line of the bar H, while the line of action of the foot- 
step reaction B wiJJ pa,8s through the point 1 ^nd (i^xitac^ 
of ke pulley carrying the load. 
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In the Stress Diagram, Fig. 86, draw B through the po 
B parallel to the line joining the point 1 with the centre of 1 
pulley carrying the load, bo as to cut the line CD in the po; 
Cj J then by drawing H and A H parallel to the bars 
and A H respectiveiy^ we determine the point H, Finallyj 
joined with H finishes the Sti-ess Biagrain, When the puU 
carrying the load occupies the position represented hj the poi 
4, then Do, and (found in a similar manner) are t 
corresponding points^ in the Stress Diagram, 

Fig» 9 represents the forces acting on the upright^ wlii 




produce bending, tension, and compressive stresses, for the « 
when the movable pulley is at the end of the horizontal jib. |J 
In Figs. 10 and 11, if the maximum bending moment in ea 
case be the same, then the point 2 in Fig, 8 a has been so cho» 
as to make the bending moment on the horizontal jib have 
least value whilst the pulley carrying the load passes from c 
end of the jib to the other. {See Ques, 41 of Hons. S. & 
Exam, in Machine Constn,, 1890.) 

Sheer Legs, — A common appliance for lifting engines a 
boilers into ships is the sheer ot %Ve^;Ta. '^^sit.^ 



8HBBB LE08. 



193 



shows one that has been erected at West Hartlepool by Messrs. 
George Russell & Co., of Motherwell, for a load of 80 tons over- 
liiing 38 feet 6 inches. It consists of two tubular front legs, 
etch 105 feet long, swinging upon pins at their lower ends, 
tad connected together at the top, which is supported by a 
koUow stay or back leg. This stay is fixed to the gunmetal nut 
of a forged steel screw, which rotates inside the back leg. The 
Krew is anchored at its lower end, and can be rotated by a 
hydraulic engine. As the screw revolves one way or the other, 
t|he back leg is shortened or lengthened, and the top is moved in 
or out, as shown on Fig. 13. The total horizontal travel thus 
given to the load is 
50 feet. 

Chains worked by 
a pair of hydraulic 
engines are used for 
lifting, and there are 
separate chains for 
light and heavy loads. 
The latter chain ope- 
rates a six-purchase 
pulley block. 

InFig. 13, AjBis 
the line of the front 
legs hinged at B, and 
AjO that of the back 
leg. The top can 
move between A ^ and 
by altering the 
length of AC. The 
vertical A^D repre- 
sents the load on 
the sheers (80 tons), 
and Ai E the ten- 
won in the chain, 
(J of 80 or 13^-tons since there are six chains supporting the 
Draw EF parallel to Aj D, and D F parallel to A^E. Then 
AjF is the resultant force to be balanced by the stresses in the 
legs B, Ai 0. Draw F G parallel to A^ C, and meeting A^ B 
produced, if necessary, in G. Then A^ G (160 tons) is the com- 
pression transmitted to the front legs, and F G (76 tons) the 
tension in the back leg. As the two front legs are not parallel, 
must, in order to determine the actual stress in each, draw a 
*cond figure, as shown at the right-hand side. Here H M ifl 
epaa; tohalfAj G, and KHM and LHM axe eacYv ^ia\^ >i!£vv 




Fio, 13.— Combination of Frame and Stress 
Diagrams for Fig. 12. 
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being 



wn perpendicular 
tons) &3 the compressioi 



angle between the front legs, 
to H we ob ain H K and H L (B 
in each leg. 

Example II. — The foot of a uniform derrick pole of weight 

2 cwtB. refits on the ground, and the pole carries a weight of 

li tons suspended from its upper extremity* The length of the 

pole is 20 feet, and it is kept in position by a guy rope fastened 

to the ground JO feet to the rear of the foot of the pole and 

25 feet in length. Find by construction or otherwise the tensjoa 

of the guy rope* . ^ 

^ Answer. — in 

the figure, LH 
is the derrick 
and K H the guy 
rope. The weight 
of the derrick acts 
at its centre, and 
may be replaced 
by 1 cwt, at each 
end, so that the 
total load in the 
upper end may he 
taken as 31 cwts. 
This is the torce 
A B on the Frame 
Diagram, For 
the Stress Dia- 
gram draw AB 
parallel to the 
force AB and 
equal to 31 units. 
Make BC parallel 
to the pole and 
AC to the guy 

rope. Then, A C is the tension in the guy rope and is equal to 
25 cwts. and B C 53 cwts.), the compreaaion in the pole. 

This problem could have been solved by the Principle cf 
Momenta, as foHows : — 




-< —^lOft — 

Derricb: Polb, 



Let T be the Tension in the guy rope. 
„ w „ Weight of the pole. 
„ W „ Weight hung from pole. 



Drawing L K perpendicular to K H and taking mo me 
about L (in the first ligute\ — 
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Or, 



TxLlI = WxLD + »xLE 

T=Wx^.«,x^ = (W.i«,)^. 



Prom Euclid IL, 12, we have : — 

KH2=KL2 + LH2 + 2KL. LD 

K H 2-KL2-LH2 _ 625-1 00 -400 
2KL " 20 



LD = - 



6-25 ft. 





^ iOft >L 

Stbesses in a Dekrick Pole. 

Also, LN xKH = twice triangle LKH = HDxKL 

Or, LNxKH = (VLH2-LD«)xKL 

L N = 5-^ V L H2 - L D2 = ^ V 4 - 3 9 



Or, 

Hence, 



KH^ 

LN = |V36T=y = 7-6ft. 



T=(30 + l)n^ = — — = 25-5 cwts;. 
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130*Toii Steam Crane Fmnii&piece).—AB an example 
a very large crane, we have illustrated in the trontispiece to tlufl 
volume the 130- ton steam crane erectei^ for the Clyde TruateM 
at Fiimieston Quay, Glasgow, by Messrs. CowanSj Sheldon, k CqM 
Liiuited, of Carlisle. A similar crane has also been Q|| 
at the new CesSDOck Dock, Glasgow. The jib of this crane m 
made up of two steel tubular girders braced together by dLagonJ 
and cross stays. The tension rods have been sawn out of solifl 
steel plates, and were not heated dnring their manufacturd 
They are connected to the jib by stays at interrala along theij 
length. The foot of the jib is at t ached to one of the bottom comeJ 
of a large vertical triangular frame, and the tension rods to tUm 
upper corner, while the back one supports the balance weighl 
which is placed between the two sides of the main framing 
The boilers and engines are also placed within this framinS 
which is covered in so as to form an engine-house. The whoB 
is fixed on the top of a circular base, which can rotate around I 
largo central pin, and rests on steel rollers running on a sieM 
pathway on the top of the foundation. There is also a roller beariJ 
between the base and top of the centre-pin. The foundatioJ 
which is square in plan^ is of concrete with granite corners ana 
cope^ and is supported on twenty-two concrete cylinders sunk 
into the saud. The centre piece of the crane is tixed to the 
foundation by six steel liolts cottered to washer platea in a 
tuunel inside the foundation. 

There are two separate lifting blocks, the one for heavy, and 
the other for light weights. Each of these can be raised or 
lowered at two diilerent speeds. Separate engines are provided 
for each of these blocks, und for rotating the crane. All three 
sets of eni:inos have two cylinders with cranks at right angles, 
so as to start from any position* Steel wire ropes are used for 
hoisting instead of chains. The heavy weights are taken on an 
eight^pnrchase pulley block, and the light weights on a double- 
purchase pulley block. All the gearing, up to 2i inches dia- 
meter, is of cast steel, and the remainder of a mixture of cast- 
iron and steel. Gun-metal bushes are used throughout. 

The crane ia provided with a 160-ton Duckham hydrostatio 
weighing machine, and was tested by loading it with 150 tons of 
ste^el rails. Its radius of action is 65 feet, and the total liflt is 
100 feet 

The following tables show some of the leading dimensions and 
wmghta : — 

* For a complete description of this erane aee Engin^ring^ June 9, 1893. 
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The factors of safety allowed in the different parts are : — 
Main framing, jib, tension rods, &c,, ... 6 

Wire ropes, 8 

Centre holding down bolts, to allow for rusting, . 12 




fo- 14.- Stbess Diagram for 130-Ton Crane. (Test Load, 160 Tons.) 

The accompanying figures show the Stress Diagram for the 
[wie when loaded with 150 tons, or, including the weight of the 
^ block, 157 tons in all, and also for a gross load of 71 tons. 
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LBCrURB XxviL 



Fig. 14 is the Stress Diagram as worked ont by the makers. 
¥ig. 15a represents the Frame Diagram and Fig. 156 the Stress 
Diagram worked out for the Test Load as we have treated the 
previous cranes — ^vix., all in one figure. 

First, find the values of the Forces D £ and A B in Fig. 15a 
as abready explained. Then begin the Stress Diagram with the 
force A B and follow with the forces BO, D, D E, E F and 
FG. Now EL and GL fix the point L; BH and CH the 
point H ; H K and L K the point K ; K N and G N the point 
N ; and N M and A M the point M. 




Fig. 15a.— Frame Diagram. Fig. 156. — Stress Diaobail 

130-Ton Crane Worked out as in the Previous Examples. 



The stress E L is borne by the two tie-rods and L O and E 
represent the stresses in each tie-rod. The stress G L is divided 
over the two jibs, consequently LP and GP represent the 
stresses in each jib, as already explained. 

The stress A M is divided over half of the holding down bolts 
and N M over the other half. The point about which the crane 
tends to topple over is the joint K L G N. 

Example IIL — A tripod whose vertex is A, and whose legs 
are A B, AC, AD, of lengths 8, 9, and 10 feet respectively, 
sustains a load of 2 tons. The ends B, C, D form a triangle, 
wiiose sides are BC=1 feet., CT)=^ fe^t, BD = 8 feet, find 



EXAMPLE Ili.-^STRESSBS IN A TRIPOD. 
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by graphical construction the compressive stress in each leg. 
(S. and A. Exam., 1889.) 
Answ kr. — Hitherto we have dealt only with forces in one plane, 
I or symmetrical with respect to one plane. Thus, in the case of 
the sheer legs, in determining the compression on the front legs, 
we first found what would be the compression on an intermediate 
leg in the same plane as the two replaced, and equally inclined 
to both. This hypothetical leg would be in a vertical plane 
containing the back leg and the externally applied force, and 
evidently the stress in the back leg would not be affected by 
the substitution. In the present example we must find the 




Stresses in a Tripod. 



<»rresponding intermediate leg, so that if the load be supported 
hy it and the third leg, the stress in the latt<'r will not be 
altered. It will be in a vertical plane containing the third leg, 
and will be represented by the line of intersection of this plane 
^th that of the other two legs, hence the lollowing solution : — 
Draw BCD the triangle formed by the feet of the tripod ; to 
find the plan of the vertex, draw the triangle DCA^ making 
C \ and D equal to C A and D A respectively. Similarly, 
<lraw the triangle Ag C B ; then Aj A drawn perpendicular to 
^D, and A^A drawn perpendicular to CB, will give^ \)ti^Yc 
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intersection the plan of the vertex A, and we may now 
plet© the plan. The vertical plane eontaining the leg A 
cut the line D in a point H lying on the line B A prod 





then A| H will be the length of the required intermediate 
Draw A A^ at right angles to B A H, and niake H A^ = H 
Thus we get A^H, -^^r applied force in 



TB1F0D AlTD HAND DEHEICK CRANE. 



pkne. Tlie stress in the leg A B will repregented by Ag 
d the resultant stress m the legs A C and A — t.c, tht^ stres 
the hypothetical leg AH by A F* Dividing this between 
e actual legs by the triangle of forces Aj M where A^ K = 
we get the stress iia AC represented by »i K, and that in 
D by A^M, The respictiv© values are marked on the 

Ai & practical example of the use of a tripod, we illustrate a 
form much used — -in laying water and other mains^ — for lowering 
large pipes into position. Two of the legs are braced together, 
ind carry a winch which may be used in conjunction with a 
block and tackle. The pipe ia rolled on to wooden Leams laid 
icioss the drain, and the tripod then placed in position over 
it The pipe is slightly raised by means of the winch, and the 
Wooden beams removed, when the pipe may be lowered with 

We also illustrate a simple hand crane as used by contractors 
for building, &c. It is of the kind discussed in connection with 
Kg. 7. 
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Lecture XXVII.— Questions. 

1. In a model of a crane the jib is 3} feet long, the tie-rod is 3 feet lon^ 
and is fastened to a point 1 foot vertically above the lower end of the jib, 
What is the thrust on the jib when a weight of 20 lbs. is hung at the upper 
end of it? Ans, 70 lbs. 

2. In a wharf crane the post, tie-rod, and jib measnre 15, 20, and 30 feet 
respectively, what would be the nature and amount of the stresses in each 
of the three members when a load of 7 tons is suspended over the pulley at 
the jib head, (1) when the lifting chain passes from the pulley to the dram 
or barrel i)arallel with the jib, (2) when the drum is placed so that the 
chain passes from the jib head parallel with the tie-rod? (S. and A. 
Adv. Exam., 1890.) 

3. In a hydraulic wharf crane the height of the post is 6 feet, the jib is 
22 feet, and the tie-rod is 18 feet ; find the horizontal thrust on the iKMt 
when 5 tons are supported. In what way is the friction which opposes the 
a'.ewing motion reduced to a minimum? Ann. 12*24 tons. 

4. Find, either graphically or otherwise, the stresses on the jib and tie- 
bar re8i)ectively of a crane, whose jib measures 20 feet in length, when 
the tie-bar and post are 16 feet and 6 feet in length respectively, and a 
weight of 25 cwts. is suspended from the end of the jio. The line of 
direction of the chain after leaving the barrel or drum runs parallel to the 
tie-bar. Also calculate the pressure on the end of the handle of 16.iDches 
radius when the weight is lifted, supposing the drum of the crane to be 15 
inches in diameter, and the gearing to consist of a pinion of 12 teeth, gear- 
ing into a wheel with 72 teeth, whue a second pinion of 18 teeth gears with 
a wheel of 56 teeth. (S. and A. Adv. Exam., 1893.) 

5. A contractor's portable hand crane has a vertical post A B, to which 
the jib A C is inclined at 45", and the tension rod B C makes with A B an 
angle A B C: of 120°. The back stay from the head of the post B to the 
extremitjr D of the horizontal strut A D is inclined at an angle of 45° to 
A D. Fmd the weight of the counterbalance re(^uired at D to balance a 
load of 10 tons suspended from the end C of the jib. Determine also the 
nature and amount of the stress on the jib AC, and in the rods BC and 
B D ? (The tension in the chain may be neglected. ) (S. and A. Adv. 
Exam., 1896.) 

6. A jib foundry crane consists of a vertical post A B, 16 feet long, fitted 
with pins working in sockets at both A and B. From the npper end A of 
the post extends a horizontal member A D, 2S feet in length, and from the 
foot B is a strut B C, which meets A D at a point 16 feet from A. A load 
of 20 tons being suspended from D, find the shearing stress on the pin at 
A, and the stress along the strut B C. (S. and A. Adv. Exam., 1892.) 

7. A sheer-legs is formed of two sheer-poles B C, DC, each 25 feet in 
length, and secured to a base-plate in the ground at B and D. The wire 
guy or tension rope A C is attached to the ground at a point A, which is 60 
feet distant from BD. The perpendicular from the top C of the poles 
meets the ground at a distance of 10 feet from the centre of the line B D, 
which is 15 feet long. Find by measurement or otherwisii the tension in 
tons on the guy when a weight of 20 tons is suspended. (S. and A. Adv. 
Exam., 1888.) Ans. 11*3 tons. 
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LECTURE XX Yin. 

Co^TETTS.— EeAetiona on a Beam ^ First Metbod — Eeaultant of the ] 
on a Beam^ — Reactioiii on a Beam — Second MtthoJ — F'ink Trti 
Trapeaoyal Truea of Tbre* Piuiela — Trapezoiiial Trass of Five Paad 
— Example I» — Warren Girder— LtnvUle or N Girder^ — Lattice Girdw 
— Reduudnnt Frame— Fits Bay Lattice Girder — Lattic© Girder lo&d«d 
at Top Jointa — Banding MomeBt— Deiinition — i^haaring Faroe— ^Drfni* 
tion — Cantilever Uniformly Loaded^ — Exatnplee IL &tid lit. ^Centre 
of Gravity of an Area — Moment of Inertift of tax Are^ — Proof— Engiiie 
Mechanii) n\ — Q aestiont. 

Reacliona oa a Beam,— Fibst Method.— J'tr#i Case.— In the 
Fratne Diagram j Fig, la, we hava a baatn with five concentrated 
loads tipoD it. The line of action and point of application of tke 
L left-hand reaction^ and the point of application of the right-hand 
eaction are known. 

We commence Fig. Ibhj drawing the line of loads, BO, CD^ 
D E, E F and F G, Then, any jjoint O is taken and joined with 
all the points in the line of loads as illustratcid in the tigura 
This point O ia called a Pole and Fig^. 16 a Polar Diagram. 

Since the point of application of the rig] n -hand reaction (Fig. 
la) is the only one of ita elements which is known, we mi^ 
begin at this point 1 when drawing the Funicular Polygon 
1 2 3 4 5. In the Polar Diagrara, Fig. 1 6, the line O F cornea 
between the loads E F and P G. Then, from tlie point 1, in the 
Frame Diagram, draw the line 1 — 2^ parallel to O F, The 
line 1 — 2 begins in the line of action of the load FQ and 
ends in the line of action of the load E F— viz., the two load* 
between which the line OF lies in the Polar Diagram. Between 
the lines of action of the loads E F and D E, draw the line 2—3 
parallel to the line OE in the Polar Diagram, which liea 
between these same two loads. Similarly draw 3^ — 4 parallel to 
D and 4 — 5 parallel to O C On joining the point 5 with the 
point 1 we close the Funieniar Polygon. This closing line 5 — I 
liaa one end 5, in the line of action of the reaction A B, and the 
other end 1, in the line of action of the reaction A G. Therefore, 
if a line OA be drawn parallel to this closing line from 0, it 
must lie between the reactions in the line of loada, just as the 
other lines radiating from have done. 

If we draw B A from B in the line of loads parallel to the line 
of action, of the reaction wo ^ miyit the line A in thi^ 



^^^^ 



RESULTANT OF THE LOAUB OK A BSAU. 
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oint A, then A joined with G completes the external force 
lygon. 

Second Cfls^e. — -If the two ends of the beam had been anchored, 
then the lines of action of the reactions Cr A and A B would 
have bee a parallel to each other and to the line joining B with 
^ in the Load Diagram. In this case the Unes of action of the 




Fro. la.— 'FEASre DlA&KAJI AND FnjTIOCLAR POLTGONr 



reactions would be drawn on 
Fig. la, and the point 1 taken 
anywhere in. the line of the 
reaction G A ; or we could 
begin with the point 5 anywhere 
in the Una of tlie reaction AB, 
and draw the Funicular Polygon 
as stated above. 

If the load FG had not 
existed, we would still have 
begun at the point 1 for the 
first case. The line O F would 
then be betweeti the load E F 
and the reaction F A. In the 
second case mentioned above, 
the solution would still be the 
same as before. 

Resultant Qf the Loads on a 

Beam, — From the point 1 in the 




TiQ- 16,— Load akd Polar D la- 
gram l*OH DBTBRMnfATlOSr OF RK- 
AOTIONS AIJD ReBULTAJ^T LoAD. 



Frame Diagram, Fig. la, draw the line 1 — 6 parallel to the line 
O O in the Polar Diagram, This line O G lies between the 
load F G and the i^suJtant G B. Now draw '^Mia ^ — ^ 



sod 



parilliil ta ^le line O ao ^ t.o intersect Qhe I me 1^ — 6 
pout 6^ Thea th^ point 6 is a point in the Line of fiic^ioii. of 
f««nltiLat of the loads. If tbrEiugk tke poiac 6 we dxxw & ^it 
ptrallel to B than that linje will represent iibe line of Mkm 
of thft rp.milt&nt k^l. Tbia lina cuts the betun ms the poni 
round which the h^eam woaUi bolaace. Tlie iii4L|piitiida 
resultant repreaeoted hj thft laogtii off-line B G. 




Pig, —Fjujnt DrAaitui* 




Tin. 26-— Load anb RiAcnoN Duoham 

FOR DKT)£HimNATION OF EEACTJONil. 



If we wished to fin 
a loint iii the line of 
action of the resultant 
of the loads C D, D E, 
atirl E thrn from the 
point 2j dr;i«r a line 
parallel to the line OP, 
and front the point 4 a 
line parallel to the line 
O Cj 80 aa to intersect 
the first line fixiin the 
point ^. Tliis point of 
intersection is a point 
in thti line of action of 
the resultant of CD, 
D E, and E F. Its line 
of action passes through 
this point and is parftllel 



to tiie line joining with while its magnitude is represented 
by the line F. 

Eeactions on a Beam, — Second Methoix — On the top of 
beam draw a Firm Frame of nny shape^ having its joititi 
tho lines oi action of the loads as indicated in the Frame 
lam, Fig, 2a. "Letox ^^wm^ Bmg^ram according to 
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ow's method, and draw the Load and Stress Diagram as 
[ready explained. As a graphic solution the second method is 
le more accurate of the two, and may be applied with greater 
ise in the case of lattice girders, for we hav^ only to join the 
oints of the girder with one end, or some points with one end, 
ad the remainder with the other end 

Fink Truss. — ^This truss is largely used in America for wooden 
ridges and is represented in the Frame Diagram, Fig. 3a. It 
Dnsists in this case, of a primary truss BAG, and two second- 
ry trusses. The divisions of the beam are called panels. The 
russ in Fig. 3a is therefore a Fink Truss of four panels. 
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Fio. 3a.— Frame Diaobam, fob a Fink Tbuss. 
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Fig. 36.— Stbess Diagram. 

K the foot of every upright had been joined with each end of 
^ beam instead of as shown, the truss would be called the 
tollman Truss, of which the solution is similar to the following 
explanation for the Fink Truss. Draw the external force 
Polygon as explained for Figs, la and 2a. 

^IRST Method for Stress Diagram. — Join the joint M N A L 
Jfith the joints E F R P and F G A S E, as shown by the dotted 
^eg ia the Vrame Diagram, Fig, 3a. Call the spacea t\i\\^ iottckfe^ 




Mm ObOW m 
»Cf E 
TiNmfim, tin* 

b« Um^i C D Md ife rtniB aelM a G F, must be e«|G&] ^ 
[ it^iiitM w Ihi ^ffierciiee btftvws Ibe Tertical componaiLt of ^ 
ImaI ff C Mid th« ctr«M fli^tioii in E F. 

In ord*r to fi^/Um ibe Sirm Diagram^ Fig. 56, we first of # 
I 4rifr tha •itemAl form pol^gm B C D A, ud detenuine tb« 
l^ttit A, M D%pUin6d for Figs, 16 or 2L Then dmw Af 
|i«irftHiil Ui Utii hilt A F and Cj perpendicular to A?- 
|» *MJ^ and IJ 1*1 are parallel bo A P. Cj and Oj D, irifl 
Min VHrtidiil ciom|Kiiif^ntH of B C and B reapectiTely. 

ilk ^vtmien" than H^G^fche joint C B G F will I* 
i$timiiml i\umu^^\^%* Tmt^i^x^, ^ ^ -^^i^^ifc W than CiDi 
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as much less than as Cj Dj is less than E F. 

he same thing as saying that G F and F E are together 

oint E lies on the line A E drawn parallel to the bar 




'lo. 5a.— Fbamb Diagram fob a Tbafezoidal Truss. 

[ similarly for the 
Place the line 
7een the lines A E 
T, parallel to the 
and FE and equal 
1 to Bi D^. This 
les the points E 
Where EG cuts 
A F fixes the point 
n by joining F C, 
G L> we complete 
js Diagram, 
er method of de- 
g the point G is 
A equal to one- 



Dp or A P equal 
alf of BD, and 
G or P G parallel 

so as to cut the 




Fig. 66.— Stress Diaoram. 
line A G. This determines the 



soidal Trass of Five Panels. — In this truss, Fig. 6a, the 
always remains a parallelogram, but the other spaces 
change. Similar reasoning to what we used in the 
figure will show that the loads D E and E F are 
equal and opposite to the sum of the stress actions P O 
. The load D is equal to the stress in L and also 
the stress in K M. Similarly the load F G is equal to 
ses in the bars P R and Q S. It follows from this, that 
ises R P, P O, ON, and N L are together e<\ual and 
to the loads CD, JD E, E F, and F G. T^ft ^\.t^^ 
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Diagram, Fig. 6^, may determined by drawing A K parall 
to the bar A K, and making K M equal to O Then thron 
M draw M N parallel to the bar M N. The point lies on t" 





Pig. 66.— Stkkss I>iagram. 



liiie» Draw A S parallel to the bar A S| and make S Q equal in 
length to FG. Through Q draw Q P parallel to the bar Q R 
The point P liea on this line. Now P atid O K are together 
equal to F E and E D, Consequently, if we make P N equal to 
F D and parallel to the bars O P and O K, this will determine 
th« }>ointa P and N Draw A O pamMel to tlie bar A 0. This 
J}j|0» the |K>int O. The points L and R may now be determined, 
mul tJw ^Imshing Hues of the diagram 
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In Fig. 7 the forces acting on the left-hand portion of the 
beam are shown as taken from the Stress Diagram, Fig. 66. 
They are the actions of the pins on the beam, and of the right- 
hand half on that end. 

In Fig. 8 is shown the form which the left-hand end must 
take from the previous assumptions. The three points shown 




Fig. 7.— Forces acting on the Fig. 8.— Form into which the 
Left - Hand Half of the Forces Bend the Left-Hand 

Beam. Half of the Beam. 



in a straight line must always remain in a straight line. There 
will be three points of contrary flexure in the length of the beam. 

These Trapezoidal Trusses are deficient frames made redund- 
ant by stiff joints. 




STRESS DIAGRAM STRESS DIAGRAM 



Tbianoitlab Frame. 

Example I. — triangular frame, consisting of three equi- 
lateral triangles, is loaded with a weight W. Find the stresses 
on the several members of the frame (1) when W is hung at the 
lower apex of the central triangle, (2) when each of the triangles 

^ haded ai the upper apex with 



Answeji. — ^Since the loading is symmetiic&l in both cases, tie 
feactious are each eqaal to one-half of the total load — ^th&t i% 
to J W. 

<?€Wff — Draw B C vertical and equal to W tmits, Bitect 
it at Aj BO that OA and A B are the reactionB^ Make CD 
parallel to the bar C D, and A D to A D. This gives us E 
Then draw I> E and A E respectively parallel to the bara D H 
and A E, ao as to obtam K A F and E F fix and B F 
pletds the Stress Diagram. B F should be parallel to the 
B F, and this gives us a check oo our work. 

^rr^ >7r< ^ 
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FRAME DIAGRAM 
M B 




G ED 

STRESS DIAGRAM 
Fig. 9.— "Warhen GmDEBp 



CetiB (2)* — Here we must make A B and B C each equal 
DA and CD will represent the reactions, D beiiig tli& 
middle point of B C, and therefore coincident with B. A E and 
DE determine E, and OG and DG give G, E and G will 
coincide since B and D do, and everything is symmetrical » The 
point F also coincides with B and G, SO that there is no stresft 
in the faara E F and F G. 



W±EBEN GIRDEB, 
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ffarrfin Girder.— Fig. 9 iUaatrates a Warren Girder of four 
%s or patiels, which ib aLmply an extension of the above 
fciaagular frame. The upper Jiorkontal meniLer is called the 
pper Boom or Flange^ and the lower horizyntal member is 
ed the Lower Boom or Flange, The inclined members are 
ed Lattice Bars or Braces. TLe joint AFE orEFGDis 
odkd an Apex, The angle of triangulation is nsually 60*, bat 
fcrnetiines the triangles are right-angled isoscelea. When 
tawls are applied at the centres of the lower members, tie rodB 
' e pit from the centres of the lower membera to the opposite 
pices. These tie- rods transmit the central loads to the npper 
pioes. The Frame Bi^^gram would then show a system of loads 
*t the lower and upper apices. From M'hat has already been 
laid the student should find no difficulty in drawing the Stress 
iHajjnmij which is obtained in exactly the same way as those in 
E^raple L 

lonfille or K Girder. — This girder differs from the Warren 
Girder, in that the bars connecting the two horizontal booms ara 
placed alternately yertical and oblique, forming a series of right- 
uigled trianglei instead of the cor responding equilateral ones in 
tiie Warren Girder. It is so arranged that the shorter vertical 
^rs shall be in compression and the oblique ones in tension. 
Tbia clearly tends to a saving of material and a diminution of 
^flight, since compression members, unless very short, must, 
other thinsis being equal, be much heavier than tension mem- 
^*ra. Also, compression members are much strengths: ned by 
shortening, while a tension member is not weakened by 
lengthening. 

We may determine the reactions by a " substituted frame " 
oy the Funicular Polygon, or, in this case, by calculation. 

la drawing the Stress Diagram we observe that A a must be 
^inal to Q A, and aQi& zero, since the reaction is vertical. 
Tije members a Q and n K are necessary to give the required 
stability. These, together with the end vertical members, 
^tti^bt be dispensed with by carrying the supports up to the 
^Pper boom. 

Brw the lines representing the loads and reactions, viz. : — 
£L,LM, M^^, NP, PQ, QA, AB, BG, CD, DE, EF, FC, 
^H, and HK. Since Aa^A Q, and B n = B.Kj so that a 
**}ncid^ with Q, and n with we may draw the Stress 
^lagrani as follows ; — 

and ah fix the point 6, and G m and n m the point 
J, he „ c, ,» hi „ ml „ 
„ cd d, FA; „ Ik „ k. 



11 



g- 



^16 



Bj t en joining fg^^ complete the Streag Diagram, and iJ^ 
line should be parallel to the central strutw 




Fio. L0&.— Steess Diaqium, 



Lattice Girder,— Altbongh in Fig. 12, hays drawn the 
external force polygon for Fig. 11, we can go no further with 
the Stress Diagram for frames of thia kind nntil we have deter- 
mined in some way the stress in one member, because these 
are redundant frames,* 

*Bee the beginning of Lectins XXI V« for the propertiea of r^dnnd 
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Assumption. — ^We assume, first of all, that all the members 
liaye been accurately fitted ; that is, the frame is not xmtially 
fltressei 

One method of solution which has often been suggested is, 
to assume that the shear over any section is taken equally 
bj the braces in that secticm. We shall however prove that 
this latter assumption is not consistent with the actual con- 
ditions. The shear on the right-hand bay of Fig. 11 is evi- 
dently one- half of BC, and according to the above method, 
the vertical component of the stress in the member G H would 
be equal to one half of the shear, that is one quarter of B 0, 




Fig. II.^Fbamb Diagram, Fig. 12.— Stress Fig. 13.— Stress 

Diagram with Diagram with 

Unequal Stesbes Equal Stresses 
IN Braces. m Braces. 

Two Bay Lattice Girder. 



whilst the vertical component of the stress in the member G K 
would be equal to the other half of the shear, that is also one 
quarter of B C. Similarly, for the left-hand bay, according to 
the above assumption, the vertical components of the stresses in 
EG and F G would each be one quarter of B C. 

liet us suppose the vertical component of the stress in G H 
andKL, to be one-quarter of BC, and then draw the Stress 
^^iagram. Fig. 12. There AL is equal in length to the verti- 
^ component of K L and also equal to one-quarter of B 0. 
Stress Diagram maj now be completed in mwai 
It shows that if the stress in G H ]ias a vextic^iX cotcl 
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poneat of on&qoarter of B 0, then the vertical component < 
stress in EG is tbreeHquarters of BC This is a oonsiBteat 
retalt^ because three-quai'ters and one-quarter of BO acting 
Yertieallj together at the joint EBCHG will balance BO, 
But, if the members have been properly put together, there is no 
reason at all why the stress m E G should be greater than the 
stress in O H> The most sen&ible aa^iumptioa to make is, th&t 




FiQv 14d.^FaiBn DiAUfULH wor Fits-Bat Lai^cb Gikdih, 




Fig. 14b.— St&i^ Diagbam, 

Wum BHAOBS EG AUB KRR 



the members E G and G H will 
each have a streas of which tbe 
vertical coniponent ia one-half 
of BC. The Stress Diagram 
for this assumption is worked 
out in Fig, 13, 

Lattice Girder of Five Bays. 
— To Dktkrmine what Pe( 
PORTION OF A Single Lo. 

19 TRAIfSMITTttD ALO^fG EACl 

Brace. — In the Frame Dia- 
gmiUj Fig, lifflj we have as- 
sumed a load of 5 units at 
the joint BCHGE. From 
inspection^ it will be evident 
that the reaction A B will be 
4 units and A will be 
1 unit. The reactions maj 
be determined by a sabsti- 
\xs^'i^iss^ ItKOijev with 



i 



I 
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its Tertez at the loaded joint and rafter ends at the abut- 
ments. The Stress Diagram, Fig, 14/^^ has been drawn on the 
assumption that the braces EG and DP have been withdrawn. 
If the bar B F is removedj then the spaces D and F will have 
onlv one letter^ let this be called D. Then BD and AD fix the 
point D ; D F and A F the point F ; D E and B E the point E ; 
E C and F G the point G and so on, until the Stress Diagram is 
completed. 

From the Stress Diagram, Fig, 14bj we see that the vertical 
components of the stresses in the braces * G H, K L, L M O, 
O P, Q R, R T, S U and U C are each equal to the load B C, and 
that the vertical components of the stresses in the remaining bracea 
T U, R 8, on to B D are each equal to four units ; n^ho that the 
kind of stress alternates between a push and a pull throughout 
the braces. The vertical component of the push in the lattice 
bar G Hj is balanced by the vertical component of the pull in 
L X, Also, the vertical component of the pull in M O, is 
balanced by the vertical component of the push in P, and 
similarly for Q R and R T, S U and U 0, Now, the push in 
U C is balanced by the reaction A^ combined with the vertical 
component of the pull in T D, and Siince the reaction C A is one 
unit the vertical component of the pull in T TJ must be four 
units. This four units of vertical component of the pull in T TJ, 
is transmitted through the remaining lattice bars as a push and 
a pull alternately, until it reaches E D as 
a push, and i^ there balanced by the 
action A B 

The stress ia each lattice bar produces a 
strain that will cause the load to dip. Now, 
since the stresses are severe and every lal^ 
tice bar is stressed, the removal of the brace 
E G produces a very yielding frame. 

In Fig, 15 we have the Stress Diagram 
-which is obtained from the Frame Diagram , 
Fig. 14a, by removing the brace G H. The 
removal of this brace means, that there will 
be no stress in the bars L M 0, P, Q il, 
R T and S U, Since there is no stress in 
S TJ there can be none in G 8 or C 
Therefore, S and U will coincide witli C and 
the Stress Diagram can now be completed. 




Fig. 15, — Stress 

DiAGTiAM WITH 

BsuiCE G H Re- 
moved. 



^ Since the two memb«ra G H a,nd K L, Fig, llo^ are parts of the same 
lattice bar or bra^e i^ad the streg^es in thi^m are the Bame in every elemeat, 
we may refer to them as tb« laMiee bar or brace G U. Kli 
for the others. 
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Fig. 15 abows that thm latUse EG is the onlj oae tiaTSf 
the vertical componenti of its streaa equal to B C. Also that 
each of tlie bars BD, DE, G K, L M, OQ And R S haa tbe 
verticftl @3iii|iotiaiit of its stress equal z& one tinit of the load. 
Farther, that the stresses are altenrntely push and pull ud that 
the reaiJiiaiiig lattice bars are not atresseA 

The ^rertieal t^otnponeat of the pash in the hktticB bar E G ia 
balanced by the reaetioa AB^ ia tjiombiaatioa with the stream m 
B D. Silica the vertical component of the push in the brace EO 
miist balance the load, ita value is 5 unlt^ an^l the reaction A 6 
has a value of 4 umta ; therefore, the stress in the bar B D mast | 
be a pull of 1 unit* This vertical component of the pall in B D ' 
in balanced by the vertical ct^mponent of the paah stress in D E 
And io ot), until the vertical component of the push in TU is 
luliili rrl by the reaction A C of one unit^ 

the Btresa m severe in only one lattice bar and a number I 
of the bars are Tmatresaed, the removal of the brace G H pro- I 
dEces ft very mach ieas yielding frame than the removal of tk 
brace £ 

When the frame is complete as shown in the Frame Diaoram, 
Fig, I in, the vertical components of the puiihea in tlie lattice 
bars E G anfl G H must together carry the load. The amount 
which each carries will b« inversely proportional to the yield in 
ness of the syatem of bara to which each is connected. Ttu? I 
lattice bar EG- will therefore carry more than the lattice bar G^^i 

In this case, we have made the following asisnmptions : — 

(1) That the Frame is not ijutiaUy Btr^sed. 

(S3) That the vertical component of the push stress in tho | 
left-hand lattice bar meeting in a joint at which a load ' 
is applied is eqnal to that portion of the left-hand reaction 
which that load prodnces. Also, that a similar relation exists 
between the vertical component of the pnsh stress in the right- 
hand lattice bar and the right-hand reaction. 

Lattice Girder Loaded at Top Joints.— For the lattice girder, 
Fig. 1 6a, we must first determine the reactions. This may be 
done by one of the methods for Figs. 1 and 2, of which the ' 
latter one« is the better and simpler. By joining the lower left- 
hand corner with each of the upper joints we obtain a Simple 
Triangular Frame, and by drawing the Stress Diagram for it, 
we can determine the reactions. Hince the frame is tedundant 
we must first calculate the stress in one member before we can 
begin the Btreaa Diagram* The bar BK is the most atii table 
ona 

WtQSB the second assura^tVon. ^ft cjtaffiatx% ^Jdusl^ \ — 
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(1) The load B 0, produces no stress in K L and a push 
stress of 3 units in B K. 

(2) The load D, produces a push stress having a vertical 
component equal to 4 units C D) in K M. This com- 
ponent is entirely balanced by the reaction which the 
load CD produces in AB — viz., 4 units. This load 
produces therefore no stress in B K. 




Fig. 16a.— Frame Diagra^i por a Loaded Lattice Girder. 

(3) The load D E, produces 
a push stress having a 
vertical component 
equal to 9 units (f D E) 
in O Q. This stress in- 
duces a pull stress in 
M N having a vertical 
component equal to 9 
units and this pull stress 
induces in B K a push 
stress of 9 units. 

(4) The load E F, produces 
a push stress having a 
vertical component 
equal to 8 units (| E F) 
in R T, This stress in- 
duces a pull in P Q, 




Fig. 166.— Stress Diagram. 



a pull m 

and a push in N L, the vertical component of which is 
balanced by the reaction produced in A B. This load 
produces therefore no stress in B K. 
(5) The load FG, produces a push stress having a vertical 
component equal to 2 units (| F G) in XfW. This 
stress is transmitted as push and pull until it reaches 
BK as push and is balanced by the reaction 
Tlie load G H, produces no stress in B K. 
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S itftit» due to B C, 

tmits due to C 
9 units doe ti) D E, 
imita due to E 
2 dnita due to F G, 
anita due to G 
Thli gtfes a tot&l pmh strv^.-^ of 14 units in tlie bar B KL 

From the point in th^ Un«* of loads, Fig. draw aliiifl 
B K parallel to the bar B and make the l^n^ii of B K e<]tiAl 
to 14 nnits to the same ^CAle a^s the line of load^ This deter- 
mines the point K in the Stress Diagraoi. Then K L and V L 
fix the point L and so on point bj point until the Strtfai 
Diagram ii ^niflhed. The finishing line forms a check line. 

In calculating the stress in the lattice bars, we have mm^ 
times a pnsh stress and sometimes a puJl stress. We must 
therefore pa J due regard to the sign of the stress when add tug 
up the various stresies. The force € D produces a push itr^&s 
in the bar N O, having: a vertical component of 1 unit, while 
E F prodnces a push stress in H T having a vertical componeat 
of 8 units. This push induces a pull in N O also having ft 
vertical component of 8 units. Therefore, the resnltant stress in 
NO is a pull having a vertical component of 7 units. 

Rfiferring to Fig* ISflj we may observe that sometimei, 
vertical ties are put in the spacea N, Q, T and Tlie action 
of these ties is to prevent distortion of the rectangles in which 
they lie. Therefore unless thesft rectangles h^ve become dis* 
torte*i» they will not be stressed. This distortion will depend 
upon the rf*lative yieldingness of the two systems of bars torm- 
ing the rectangle. In this example suppose a tie in the spttce 
N and a load applied at the lower joint. Then, before this load 
can stress the tie, the lower joint must c*>me down more than 
the upper joint. The saft^st assumption to make is^ that the 
ties carry no portion of the loads- Some lattice bridges have 
struts in the spaces Q, T and W of Fig. 16a and the lattice 
bars are all ties — that is, they are only able to st-md a f-uU 
stress. On drawing the Stress Diagram for such a case, we must 
omit a bar if a pufih stress comes in it, and use the other tie. 

One tie in e^icb bay must csarry the shear in that bay. This 
will enable UB to calculate the pull in that tie* This i*i the best 
method of rl rawing the Stress Diagram for such cases. 

Bending Moment. — Definition.— The Bending Moment at any 
point in a beam, is the algebraic sum of the moments with reBpect 
to that point, of all the escterDal forces acting on the portion of 
the beam on either side oi ftxaX ^mut. 
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In order to draw the Bending Moment Diagram of Fig. 17, 
we must proceed as if we were going to find the reactions, by 
means of the Funicular Polygon and Polar Diagram as explained 
for Fig. la. 

The Fnnicnlar Polygon drawn in this way is a Bending Moment 
Diagram.— That is, if a vertical line be drawn from a point in 
the beam, to cut the bounding lines of the Funicular Polygon, 



J 1^--+- 




Rg. 17.— Bending Mombnt and Sheabing Forob on a Beam. 

intercept on this line which lies between those bounding 
^68, represefits to a certain scale the bending moment on the 
^ at that point. 

Having found the point A in the line of loads, by drawing 
. 0' horizontal and of any suitable length, we draw a Polar 
'iagram with this point O' as the pole and the corresponding 
micular Polygon, when we obtain a Bending Moment Diagram 
1 a horizontal base. 

Pboop.- -The Bending Moment at the point wYiex^ 
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B C acts, 13 equal to A B x a Units of Momerit. The TrP 
angles a b o and A B are gimLlar, having the sides et be and 
c a of the one respectively parallel to the sides O' A, A B and 
B 0' of the other. 



Therefore, 
Heooe, 

Similarly, 



6 c : a 6 : : B A : A O' 
B A X a& 



be 



AO' 

BA X ad ^ "^Q % bd 
AO' 



That iBj the number of units of length in b when measnr^ 
with the scale for the load line, would give the Bending Moment^ 
if O' A uieafiured 1 unit on the scale of length for the Beam, 

ScArjc FOE Bending Moment Diaguam. — Subdivide the 
unit of the scale tiBed for the line of loads^ into as many parti 
as the line 0' A contains the unit of the scale ujed for tlie 
length of the beam. Then^ one of these subdivisions will be tlie 
unit for the Bending Moment scale. It ia Ibund convenient to 
make O' A ton units of the length scale. 

Shearing Force, — Definition, — The Shearing Porce on any 
transverse section of a beam is eqnal to the algebraic sum of 
all the external forces acting on the portion of the beam m 
either side of that section. 

In order to draw the Shearing Force Diagram of Fig, 17, no 
explanation is necessary, beyond following out the lines of the 
figui-e. The Shearing Force on any transverse section of tiie 
Iream lying between the loads B C and C 1>, is, from the defini- 
tion, fqual to the force A B minus the force B C« Therefore, 
the length between the line 4 — 5 and the line t — 6 wOl meaanre 
the Shearing Force to the sc de of the line of loads. 

Cantilever tJnifonniy Loaded,— The cantilever shown in Fig, 
IS may be considered as 12 feet long. The load^ Lndical 
are therefore equivalent to a uniform load per foot run. Thj 
act at the centre of each of the portions. By drawii 
from A, B, C, ifec, on the Load Line, horizontal lines in tb© 
spaces A, B, C, &c,, as shown, we determine the Shearing Force 
Diagram, If we divide the beam into smaller divisions and 
draw the Shearing Force Diagram, the stepped line will become 
more nearly a straight line. Consequently, when divided into 
infinitely small parts, the Shearing Force Diagram becomes the 
Triangle R P Q, The length of the line Q H ia the total load 
the Beam, 
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The Bending Moment Diagram of Fig. 18 is determined by 
drawing in the spaces A, B, C, Ac., lines parallel to the lines 
A, B, C, &c. The limiting form of the curve Q S will be 
a parabola with its vertex at S, and the value of the length Q T 
vill be the Maximum Bending Moment. 




BENDING MOMEN 
^ . DIAGRAM 



Fig. 18, — Uniformly Loaded Cantilbver. 

Beam Uniformly Loaded and with Concentrated Loads.— Draw, 
*8 already explained, the Shearing Force Diagram for the con- 
centrated loads. This is HAi^^, <kc., on Fig. 19. Set off 
fif^and K Q, each equal to half the total uniform load on the 
and join P with Q. Then H P Q K is the Shearing Force 
^^lagram lor the Uniform Load. Adding the ordinates of the 
Jj^o diagrams together we derive the Combined Shearing Force 
Ha6c<^656/ &c., of Fig. 19. 
Draw the Bending Moment Diagram (L n M, Fig. 19) for the 
concentrated loads as described for Fig. 17. Then draw on the 
opposite side of L M a parabola, having its axis bisecting L M 
ftt right angles, and the ordinate at the centre of L M equal to 
the Maximum Bending Moment due to the uniform load. This 

\^ 




to the same scale bb that of 1 

Tl*»<lti*g Moment Curye. Tlie 
tlie Combmed Beading Momeat. 



tcfo 




1^0. 19,— B^AM WTTH Unu-obu akb Goncentbatsd Loads. 

Example II. — A cantilever 15 feet long has a load of 5 ton* 
at its outer end, 5 tons at 5 feet from it, and 10 tons at a poiiit 
10 feet from the end. Find graphically the diagrams of shearing 
force and bending moment, 

The upper ^axt ^Simi^ "^h^a "eflasJakrtT 



EXAMPLE II. — ON THE CANTILEVER. 
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' and the positions of the loads. Project down from these posi- 
tions and the inner end of the beam, and then set out A B 10 
y units, BC = 5, and CD = 5, to represent the forces AB, B C, 




CANnLBYEB IN EXAMPLE 11. 

D respectively. Draw horizontal lines through A, B, C, 
Jjd I) to intersect the lines of the forces. This gives us the 
Shearing Force Diagram as shown shaded. 
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To obtain the Bending Moment Dmgram take &ny point u i 
E and join it to A, B, and 0, Then take a base line M L 
parallel to O D, and draw M Q in the space C parallel to C, 
Q P in the sjmce B parallel to O B, and P N in the space A 
parallel to OA* Then L M Q P N ia the Bending Moment 
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Beah in Example III* 

Diagram, the scale Ijeing that adopted for the ehear multiplied 
by the iengtJi of O D measured on the scale employed in setting 
out the length of the beam. 
jExAJtTPLE III, — A beaxn YL f^^^t span carries five Ioa<is 
equally spaced along ita leTi^'ii, ^'t^^ ^VasX. Nafexw^^ I 
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|e©t from the nearest en<L The values of the loads are 10, 6j 6, 
Bj and 4 tons respectively. Obtain grapiiically dia^^rams show- 
' ag the shear and bending moment at every point of the beam, 

A>'SWEE.— In this case we shall determine the reactions by 
Efcic Illation, thus : — 



Heaction at left hand due to AEis tX 



= 8^ tons. 



BC 


M 


IT ^ 


5 


CD 


}} 




6 


D E 


II 


fx 


8 


EF 


Jf 
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.% Total left-hand reaction G A = 18 „ 

The whole load is 33 tons, and therefore the right-hand 
action mnat be 33—18, or 15 tons. 

We can now proceed as before, making GA = 1S, AB^IO, 
— 5, tkc, and drawing horizontal lines through A, E, C, Si^., 
obtain the S bearing Force Diagram. 

Take a point O in the horizontal through O, and join it to A, 
B, C, ilx. 

Then the part of the Bending Moment Diagram in the space 
is parallel to OA, in the apace B to O B, in C to O and so 
on, as in Example II, 

We might, of course, have determined the reactions from the 
Funicular Polygon L M N in the first instance ; but bad we 
one so we would probably not have got the line O G horizon- 
Ij and would have had to redraw it as explained in the t^xt. 
Centre of Gravity of an Area. — Divide the area into elements, 
such as parallelograms, triangles, ttc, the centres of gravity of 
which can be easily determined. 

If the area is bounded by a curved line, divide it into very 
^■narrow strips, so that they may be considered approximately as 
^Hparall e 1 ograms. 

We have divided the area shown in Fig. 20 into three 
^■rectangles, and have found the centre of gravity of each. We first, 
assume a line lying in any direction, auch as the line X X, along 
which the pull of gravity acts. The centre of gravity of each 
area is a point in the line of action of the pull of gravity on that 
area. The line of action of gravity will be parallel to this 
assumed line X X. The way may be towards either the left or 
the right as may be found most suitable, and the magnitude will 
be proportional to the area. The forces B C, CD, and D E 
represent completely the action of gravity on the top, the centre, 
and the bottom rectangles respectively, 

Proaeed to £nd the resultaat of the tloiee iaxc^^ ^ ^^.^ 
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ftod D E, as explained for Fig, 1^2. This in shown in Fig, 19 1? 
the Felar Diagram B C D E O, and the correspond ing funicular 
polygon 1 2 3 4. B C, Dj and D E, in the Polar Biagram an 
proportional to the areas of the three rectangles. 

The lino of action of the restiltant of the tliree forces BG, 
J}, and J) E passes through the centre of gravity of the wbok 
aroai This line ia represented by the line 4 — M. Noi, 
assume a line at right angles to XX as a line along which tli£ 
pull of gravity acts. Proceed in exactly the same way wiih 
regard to this line as has been done for the line XX, and w* 
obtain another line passing through the centre of gravity of 





f':hh 




Fig. 20, — Cehtrs or Gravity and Moment of Inkktla. 

whole area. The intersection M of theao two resultant'^i gives 
the centre of gravity of the whole area. The forces io the 
second case are called F G, G H, and H and the Polar Diagram 
F G H K Oj, with its corresponding Funicular Polygon, is shown 
in the figure* 

Moment of Inertia of an Area. — If we wish to find approxi- 
mately the Moment of Inertia round the line XX of the areaia 
Fig. 20, we must first of all divide the area into elements just 
as in finding the centre of gravity. Then proceed to draw the 
polar diagram B C D E O and the corresponding funi 
polygon 12 3 4 
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Now consider the top polygon and how we may determine its 
Moment of Inertia. 

Produce the two lines derived from the polar diagram, which 
meet in the line of action of the pull of gravity on that area 
(Tiz., 1 — 2 and 1 — 4) until they intersect the line X X in the 
points B', C. Do the same for the lines 1—2 and 2 — 3, and 
2—3 and 4 — 3, which meet on the lines of action of the pull of 
gravity on the middle and bottom areas. These lines intersect 
XX in the points C, D', and D', E', respectively. 

Consider B' C, C D', and D' E' as the magnitudes of the forces 
acting along the lines B C, C D, and D E respectively. Proceed 
as if to find their resultant by drawing the polar diagram 
B'C'D'E'O' and the corresponding funicular polygon 6 6 7 8. 

Produce, as before, the lines which meet in B C (viz., 6 — 5 
and 6—7) to intersect the lines X X in the points B'' 0*. Do 
the same for the lines 5 — 8 and 7 — 8, or, as we have done in the 
fignre, produce the one which will cut X X in a point furthest 
from B". B'O" measures to a certain scale the moment of 
inertia of the top area round the line X X, and B" E" the 
moment of inertia of the whole area round the same line. 
Greater accuracy would be obtained by dividing the area into 
smaller elements. 

Proof, — Let y in Fig. 20 represent the distance the centre of 
gravity of the top area is from the line X X. 
Now, since the two triangles BOO and B' 0' 1 are similar : — 

BC:Z ::B'C':y. 
Then, B' C = 

Again, the two triangles B' C O' and B'' 0" 6 are similar : — 
Hence, B'C : : : B^C" : y. 

And, WC" = ^'Z"^. 

Substituting the above value of B' C we get : — 

^ ^ = "Z^i • 

But, B X 2/2 is the moment of inertia for the top area with 
fespect to the line X X, provided the depth of the area is small 
iu comparison with y, B" C" measured with the scale called 
"area scale," as used for drawing B C (in order to represent 
tke area of the top rectangle), gives the value of this moment of 




scale wkich la used for 
MaUE^T OF Ini 



represeaitiiii^ the 
hj the anmber found 
if MiiH^tjin^ Z and wMoh 
mm aie&Biired by the length 
Mdn One of these suhdivisions 
wOI %t the imit for the Moment of 
I]icrti& Scale. Or* measure B ' T 
wilk the area scale and multiply 
mding first by Z and then 

Engine MechanisuL — In tha 
Fniii« DlJi^am, Fig. 21a, the bars 
EC ai»d CE represent the centre 
lines €if the piston-rods of a com- 
poand engine the heads of i?hich 
mre guided in pajra^Llel straight liiies. 
The fattis A O and DF are abo 



A B 




A m 




Fig, 215, — STEEas Diagram. 



Stress Diagbam for 
Joint A C 



coiinecting-rods, driving the erank FG, by means of the t^ 
anguJ&r frame shown. T\ie jomt \a to 
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move in an arc of a circle round a point in the bar C D produced 
towards the right. The bar C D is called a radius rod. The 
^es of action of all the external forces acting in the struc- 
txure are shown. A B and E F are the guide pressures, C D 
tbe push or pull in the radius jod, F G the push or pull in the 
crank, and G A the crank effort or tangential resistance. 

First Method. — We commence the Stress Diagram, Fig. 216, 
by drawing D E to represent in magnitude the total pressure on 
the right-hand piston-rod. Then, E F and D F fix the point F, 
while FK and D K determine K.* But, we can get no further 
until we draw the Stress Diagram for the joint A H. This is 
done by drawing B C to represent to the same scale as before 
the total pressure on the left-hand piston-rod. Then, the points 
A and H are determined. 

We must now tit the Stress Diagram for the joint A C H, to 
the Stress Diagram already drawn ; so that the point C shall 
lie on the line drawn through D parallel to the bar CD and 
the point H on the line drawn through K parallel to the bar 
KH, CH being kept parallel to the bar C H. Then the Stress 
Diagram, Fig. 216, can be completed in the usual way. 

Second Method. — Find the forces acting in A C and D F, and 
then find their resultant. Produce the line of action of this 
resultant to cut the line of action of the force D ; when, by 
joining this point with the crank pin, we get the line of action 
of the resultant force acting on the said crank pin. Finally, 
^aw the Stress Diagram from the supplementary data. 

The following is a list of books and papers on Graphic Statics 
and the Design of Structures : — 

The Design of Structures, Bridges, Roofs, tSsc, by S. Anglin, C.E. 
(Chas. Griffin & Co., London, 1895.) 

-4 Practical Treatise on Bridge Construction, by Prof. T. Claxton Fidler. 
(Chas. Griffin & Co., London.) 

^pfuecd Determination of Forces in Engineering Structures, by James 
^ Chabners, C.E. (Macmillan & Co., London.) 

^apMe and Analytic Statics, by Robert Hudson Graham, C.E. (Crosby 
I^kwood&Co., London.) 

Graphics, by Prof. R. H. Smith, M.Inst.M.E. (Longmans, Green & Co., 
W)ndon.) 

^tchanics, vol. ii., by A. Jay Du Bois, C.E., Ph.D. (Chapman & Hall, 
l^ndon.) 

^Pplied Mechanics, by Gaetano Lanza. (Chapman & Hall, London.) 
Theory of Structures and Strength of Materials, by Henry T. Bovey, 
^•A., D.C.L. (Chapman & Hall, London. ) 

^^dphic Methods of Computing Stresses in Jointed Structures. Paper by a 
^• 0. Burge, Proc. Inst. C.E. Vol. Ixxiv., p. 192. 

wopAtc Methods of Engine Design, by A. H. Barker. (The Technical 
mlighingCo., Ltd., Manchester.) 

* The line F E has been omitted in the diagram. 



Mechanicid Qrmphkit hy Kn^id&y. (London, 1989.) 

tJUmtnU of Graphic S^aticJt, by K. von Ott, translated by S, 
(E. ak N. Spon, London, 1888. J 

Prm^ipkjt of Graphic Staiica, by G. S* Clark. (E.t& N. Span, 
London, iSSS,) 

EiemmtM of Graphic StatkjSf by Ll M. Hoe kins. (Macmill&n ^ Co., 
London. 1892.) 

fJ^Qjiofrtics of Conetrvctwn, by Hobt» H. Bow. (E. & F* N. SpoUt 
London^) 

Applied MedianitA, 2nd edition, by Prof, James H. CotterilL {Ma^c* 
milliui & Co. , London. ) 
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Lectttbe XXVin.— Qttestions. 

1. Draw the Stress Diagram for the Fink Tmss shown below, and verify 
the stress diagram accompanying it. 
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STRESS DIAGRAM 
Fink Tbuss fob Question 1. 

2. A triangular frame is at rest under the action of three external forces. 
Prove that a certain diagram will represent the stresses in the bars of the 
frame. Extend this proposition to the case of a lattice girder of the 
Warren construction with four bays in the lower boom and three bays in 
the upper boom, loaded in the centre of the lower boom and supported at 
theenos, giving the Stress Diagram and showing how to distiuguish the 
portions which are in compression or extension. (S. and A. Adv. Exam., 
1889.) 

3. A triangular frame is acted on by three forces applied at its respective 
angular points and in equilibrium ; mvestigate a method of constructing 
the diagram of all forces brought into play. Taking the case of a frame on 
the principle of the Warren Girder having four bays in the lower boom and 
three in tne upper boom, and loaded at the centre of the lower member with 
a weight W, explain the method of constructing the diagram of forces, 




STRESS DrAGRAM. 

5* A Warren Girder lias five bays consiBting of equilateral triangles, li 
it h& at]ppott«d at each end and loaded &t the two bottom central joints 
with loa,dn of 18*000 Iba., find gniphically the itress on each member, and 
ebow whether it ia tensile or compressive. Explain fully the remoDB and 
theory ot the method ^ou employ ^i^ Q\k\<u3£^% reault. (S. imd A. 
Adv. Exarn., 1894.) 
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A Warren Girder of six bays with equilateral bracing, each bay being 
10 feet long, is loaded with a distributed weight of 1 ton per foot run 
placed along the top of the girder; obtain thedi agram of stress, and cal- 
ealatethe stresses in the various members, assuming that cotan. 60°= *577, 
oo8ec60'=M56. Ans. 

7. A lattice eirder is loaded in the manner shown by the foregoing 
figure. Draw the Stress Diagram by the method explained in the text, ana 
we if yon get the same results as shown. Jfl 
S. A bar of pine 44 inches long rests on props at its extremities, and just 
sopports 10 weights, of 14 lbs. each, hung at equal intervals of 4 inches 
♦ along the rod. Find graphically the B M at the centre of the bar and the 
unoont of a single weight, which, if hung at the centre of the bar, would 
Btregg it to the same extent (see figure). Ans, 43-27 lbs. 

7ms. "^Olls, 



A 



A 



<,^„ ^ 

*tttttttttt 



Beam for Question 8. 




Beam for Question 9. 

9- A horizontal uniform bar, 18 inches long, is laid over two supports, 
each 4 inches from its ends, as shown in the figure. Find graphically two 
points at which the bending moment is zero, the bar being loaded by its 
own weight (see figure). Ans, 2 inches from inside of supports. 

10. Given an iron arched rib, hinged at both ends, and a system of 
vertical loads, show how we find the stress at any point of any section, 
i^rove the rule for stress at any point of a section when we know the result- 
ant of all the forces acting on the structure on one side of the section. 
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PART V, -STRENGTH OF MATERIALS^ 



LECTURE XXIX. 

CostTKNTS^—Stresi— Definition of Ititeuaity of Streafl — Relation bet« 
Normal and Tangential Strejnsea — Strain — Exiimple I.— Coeffit^ient ar 
Modulus of Elaatieity — Limit of Elaiticity — Work done in i^fcretching 
a Bur — Iie»nience — Example II.— Sudden Pnll or Live Load— Shnmi 
Hiugfl— Example IIL — Strength of Tliin Cylinders — Helic&l Seams— 
Strength of Thick Cylmders— Example IV. — Strength of Suapended 
Chains and Wires — ^^Example V, — QuestioDA. 

Stress. — When t\ piece of material is subjected to the action of 
extarniil forces they tend to cause the material to change its 
shape or form. The particular way in which the change takes 
place depends upon the man.oer in which the load is applied 
This tendency gives rbe to certain forces witliin the material 
which offer resistance to the change. These internal forces are 
generally called stresses; but the term S^rsss which we have now 
to consider hfis a somewhat more dednite meaning. By thfl 
principle of t lie equality of action and reaction, we know that so 
long as no rupture of the material takes place, the algebraic sum 
of the componenta of the internal forccB in the direction of the 
load at any section of the material must be equal to the load. 
This principle enables us to express the internal in terms of the 
external forces. It is a fundamental fact that, for a gjyeB load, 
the amount of resistance to be contributed by each individual 
fibre or part composing a section will be leas or greater, accord- 
ing as the number of such fibres or parts is greater or less ; or as 
we usually regard it, according as there is more or less area of 
section. This introduces us to the conception of distributed 
force, and paves the way towards gaining definite and clear ideal 
regarding the strength of materials. 

Definition. — Intensity of stress is the resistance or reaction 
due to a load per nnit area of section. For brevity it is usually 
called the stress. Stresses may be of three different kinds, 
depending on the direction of the applied force with reference to 
the section on which the stress is estimated. 

(1) If the applied force is normal or at right angles to the 
section, and acting ai^^^ from it, the stress is called tensile, 

(2) If acting towards the section^ the stress ia termed eompr^^ 



A 



STRESSES. 



(3) If the direction of the applied force be parallel to the 
ction, then the stress is named a aheoflri/ng stress. 

It is evident that if the applied force be acting in a direction 
iclined to the given section, it will cause both a shearing and a 
lirect stress, the latter being tensile or compressive, according 
as the force is directed away from or 
towards the section. 
When the applied force acts in such a 

^ay that we know that its effect is uni- 

fonnily distributed over the section we are 

oonddQring, then we estimate the stresses 

M Mows : — 



Let Pn 



A = 



Then, 
And, 



The applied load (or its com- 
ponent) acting normally to the 
section in lbs. or tons. 

The area of the section (usually 
in square inches). 

The direct stress, which maybe 
either tensile or compressive. 

The applied load (or its com- 
ponent) acting tangentially 
to the section in lbs. or tons. 

The shearing stress. 



/ = 




Illustkating Normal 
AND Tangential 
Stresses. 



fs = 




(I) 



delation between Normal and Tangential Stresses.— Let 
^hd be the section of a bar normal to the direction of the 
'Pplied force P, and efgh another section making an angle ^, 
yith the direction of P ; and let the area of a 6 c be A square 
uiches. 

Thus, the stress onahcdi^; — 

A^ 

But, on the area e fg h, we have a normal force : — 
Pn = P sin &, 

And a tangential force : — 

Pt = P cos 6, 

Na» 4.1. JT T area abed A 

^ow, the area e/gh = 



sin & 



sin 6' 



16 



f 
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Tty^ and be the normal and tangential stresses on the sec 

We have :— /; = ^ = sin^ - y , sin^ ^, 

sin 9 

Similarljj we get:— y = J", sin ^ , cos 

Strain. — When a piece of material, snch as a bar of iron, ia itt 
tension or compression under the action of an applied force P, 
the bar will, in consequence, be lengthened or shortened by an 
amount depending on the extent to which it is s tressed 1 The 
ratio which this chat^e of length bears to the original length of 
the bar is called the strain due to P. Or in symbols, — 

If, L = Original length of bar in inches. 

And, I = Change of length of bar also in inches. 

We have Strain ^ (11) 

Bince L and I are both actual lengths, measured by some 
common unit, the student should carefully note that strain, as 
thus defined, is merely an abstraH ratio, and not a quantity, for 
it is independent of the units employed. 

Example I. — A tie-rod, 100 ft. long, is stretched f of an inc 
by the action of a certain force ■ what is the strain t 

Here, L = 100 x 12 = 1,200 inches. 

And, ' ■ * I ^ 0^75 inch. 

Strain = = 0*000625. 

Coefficient, or Modolns of Elasticity. — Experiment has demoa- 
strated that for most materials used in engineering there ia 
a very simple law connecting stress and strain, which is fairly 
well defined within certain limits. The stress is proportional 
to the strain, so long as the stress does not exceed a certain 
value, which, of conrsc, ia different for different materials a-nd 
for different qualities of the same material. For examf*^^ 
if the stress be doubled, the strain will be doubled, or if t-be 
stress be reduced to one-halfj the strain will also be halved, ^^d 
so on. The liuiit beyond which this law does not hold is terit* 
the Limit of Elasticity. When this limit is exceeded, the atr»i° 
increases at a much greater rate than the stress producing }^ 
Within the limit of elasticity, the material returns to 
original state when the load is removed ^ but when strese^*^ 
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Byond tkts, the material does not do sOj but retaina a permanent 
1 In the following investigations! the stress, in all cases j is 
Bumed to be within the elastic limit : — 



Conaeciuentlyj 



Stress 
Strain 



= E (a constant) (Ill) 



this constant E is termed the Modnlus of Elasticity, or more 
Ippropriately by some T^ritera the CoeflScient of Elasticity, 

Another way of exhibiting the relation subsisting among the 
trarious quantities we have been discussing is to combine equa- 
ions (I), (II), and (III) in such a way as to express the stress 
id strain in terms of loads and dimensions. 



I 

L 



Thus, 

Or, P L - A ^ E. , (TV) 

Work done in Stretching a Bar. — Resilience. — If a load of 
radiuilly increasing amount he applied to a bar so as to stretch 
tt, the amount of actual stretch, or elongation of the bar will, 
ith the limitations ali eady specified, be directly proportional to 
ae load producing it. A diagram might j therefore, he drawn to 
&present graphically the work done in stretching the bar, as 
tplained in Lecture II. of Yolume I, The area of the diagram 
rould represent the work done» The load will increase uni- 
armly from to P. The mean value of the force doing the 
rork is J therefore^ ^ P, and the stretch or displacement ia L 
lence, we have for the work done 

W = i PZ, 

But from equations (I) and (III) — 

" E' 



P=/A, aiidi = 



Hence, 
Or. 



W 



AL 



— — X 

E 2 



W X i volume of the bar. | 



The work done is therefore proportional to the volume of the 
bar, or to its weight. 

When the bar is loaded to its elastic limit, or proof stress, as 
it ia sometimes calledj then the work done in stretching it ia 

termed the Besilienc© of the bar, and the ratio ^ ia its Modulus 

or CoeMment of Resilience. 



Example II. — What is the resilience of a material? I 
wroiight-iron tie bar, 5 feet long and 3 inches in diameter, h 
limit of elasticity of 1 5 tons per square inch, and a modulus 
elasticity of 30,000,000 ]hs, per square inch, what is its resilien 

(Take ^ = ^ (Adv. S. 4 A. Exam. 1893), 

Ahswer.— /- 15 X 2240 lbs,, E = 30,000,000 lbs. per squ 
1 22 

inchf A = ^ X x 3^ square inches, and L = 5 feet. 

X 32 X Tj 

^ ,„ {15 X 2240)^ 14 „o „ 

^^^^^^^^ - 30,000,000 " 2 ^ ^^^"^^ 

Suddeo FqHj or Live Load. — We have just seen that a cojistant 
force of lbs. actings through a distance of 1 feet mil do the 
same amount of work in stretching a bar as would a load 
gradually increasing from zero to P lbs*; therefore, the strain 
produced by a sudden pull of lbs. is the same as that due 
to P lbs. applied gradually. It follows, therefore, that if P be 
applied suddeTily^ but without initial velocity, the strain will be 
doubled J and the work done will be \ — 

W = P X 2 ^ = 2 P ; ft4bs, ^ 

Or, in words, the work done on the bar by a snddenly 
applied or Iwe load P, is Jmir times that done by a gradually 
applied or dead load of the same amount. 

Shrunk Rings. — In the construction of built-up guns* the 
process consists in shrinking on a series of concentric rings, each 
ring griping the next inner one with a certain pre-determined 
tension. 

The reason for this arrangement will be better understood 
when we come to deal with the strength of thick cylinders. 
The principles set forth in the preceding sections enable us to 
calculate the diuaensions of rings to give a certain grip. 

Let D ^ The e^tternal diameter of an inner ring* 
„ = The internal diameter of the next outer ring, 
„ / = The required tension. 

When the outer ring is shrunk on, its diameter is then B. 
The inner fibres of this ring are then stretched by an amount 
T (D— and by definition, we have : — 

Strain = = 
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If E denote the modulus of elasticity of the material of the 
ring, then : — 

^ ^ stress ^ / 
strain D-d 



d 

Hence, d = D (^^^. 

Example III. — The external diameter of an inner ring is 20 
inches. Work out the diameter which the outer ring must 
have in order to grip the inner one with an initial tension of 
8 tons per sq. inch. Take the modulus of elasticity as 30,000,000. 

Answer.— Here D = 20 inches, and/= 8 x 2240 = 17,920 lbs. 
per sq. inch. 

••• '-^'^.-^■'"^ 

Strength of Thin Cylinders. — By thin cylinders are meant 
cylindrical vessels whose thickness is small compared with their 
diameter. The resistance which such vessels offer to forces 
tending to burst them, both longitudinally and circumfer- 
entially, is easily deduced as follows: — Consider a cylindrical 
ring, whose breadth is b inches, thickness t inches, and internal 
diameter is d inches. Let p denote the intensity of the internal 
pressure, in lbs. per sq. inch, tending to burst the ring, and / the 
induced stress within the material of the ring, also in lbs. per sq. 
inch. 

Then the magnitude of the total internal force tending to tear 
asunder the ring at the ends of a diameter ispdb lbs. And the 
resistance which the ring offers to this bursting force ia 2 tb / lbs. 

These being equal, we have : — 

2tb/= pdb /= fy. . . • (VI) 

This result shows that the stress, in a circumferential direc- 
tion, is independent of the length of the cylinder. 

Whatever be the form of the ends of the cylinder — whether 
they be flat or hemispherical — the total force tending to cause 

rupture circumferentially ia p -(P lbs. ; resisting this force, we 

hare a ring of material whose total sectional area is cr ^ sq. 
inches. 



Let be the longitudinal stress doe to the loagitudinal 
buriting force ; then the total resistance is 9r d t J]^ lbs* 



And 



^ d i/i=p ^ d'^ 



Hence, 

From this we see tbatj — 



(Til) 



So that in a cylindrical boiler, which comes witbin the 
category of thin cylinders, the stress in a longitudinal direction 
ia only one-half of the stress eircumferentiaUy, 

Helical Sesms, — If we made a boiler of rings, joined together 
circumferentially, then, so long as the strength of those joints 
was greater than one -half that of the solid plate, the boiler 
wonld still he as strong as ooe without joints, because the solid 
plate longitudinally would still be weaker than the circum- 
ferential joints. When, instead of 
solid rings, these are made up of 
pieces joined together longitudinally, 
it ia obvious that the strength of the 
boiler is determined entirely by that 
of its longitudinal joints, unless the 
circumferential joints are less than 
half as strong. 

As a compromise, it has been pro- 
posed to have, instead of circum- 
ferential and longitudinal joints^ onfe 
continuous seam running spirally ^ 
called a helical joint. 
Let the accompanying figure represent a portion of such a, 
boiler flattened out. AB is the helical seam, which, whcitt 
flattened out, tiecomea a straight line, making the angle ^ witla 
the longitudinal direction, Tbe longitudinal and circumferetv 
tial stresses are represented by J\ and J\ respectively. Xtt* 
intenaitiea of those stresses on A E being denoted by and 
we have : — 













> 



IlJ,USTKATlNG StRB^ OK 
HXUCAL Skams. 



X AB =/i BC; 



and/^' X A B = /g 
and — /g cos tf. 



AO. 



Resolving /j' and normally to A B, we have, for the 
normal atresa 
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/n 


= /i' sin d + /g' cos^ 




}} 


= /i sin* ^ + /2 cos* Q, 


But, 


A 








= i/» sin2 6 +/„ co8« A 


Or, 


A 
A 

n 


= 1 - J sin* 
BO 


Then, 


sin2 ^ 


B 02 BO* 
A B* B 02 + A 0* 



Hence, ^ = 1.J._=2_^2 .... (VIII) 

For example, if w = 1, i.e., & = 45", 

That is to say, that the normal stress on a spirally-running 
joint, making an angle of 45° with the axis of the boiler, would 
be three-fourths of that on a longitudinal joint. With joints of 
equal efficiency, therefore, the helical seam would be 33-3 per 
cent, stronger than the longitudinal one. 

Strength of Thick Cylinders. — When the thickness of a cylin- 
drical vessel, subjected to internal pres- 
sure, is not small in comparison with its 
internal diameter, the problem requires 
to be treated differently. 

Acomplete determination of the strength 
of thick cylinders of all proportions is not 
easy matter; and as for an accurate 
solution of the problem, the thing is simply 

JOipossible. 

i'or moderate proportions of cylinders, 

as are used in hydraulic appliances, Iu^ustrating Strain i 
following demonstration yields results Thick Cylindbrs. 
^rJy substantiated by practice. 

If such a cylinder were to give way under internal pressure, 
plane of rupture would evidently contain the axis of the 
^j^^Hder ; whilst the rupture itself would appear as shown in 
accompanying figure. From thi? figure it is clear that the 
^^cumferential stretch is *the same from the inner to the outez 
_?*'6KJe. Now, remembering the definition of strain previouslj 
^^Bn, it is obvious that in this case,Hhe strain in any cylindricai 
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layer within the material wUl be inversely as its radius ; 
since, within the elastic limit, the stress ia proportional to 
strain, it follows that the stress on any layer is also inversely 
the radius of that layer : — 

Let f = Stress at inner surface at distance r, &om axis 
cylinder. 

„ a; " Radius of any layer within cylinder thickness. 
„ liac = The thickness of elementary layer. 

Then the stress on the material at radius ar, will be /— , and 

the total resistance per unit length of the elementary hoop 

The total resistance of the cylinder is, therefore : — 



But the total bursting force within the cylinder, per unit of 
length, is 2 ;? r, where p is the difference of the internal and 
external pressures* 

Hence, equating these expressions for equal and opposite 
forces, we have : — 

2f> r = 2/r log^^. 

f=l^g.^ (T^) 

The logarithms here required are hyperbolic. 
Equation (IX) is not in a convenient form for application, 
K 

because the ratio ^ involves the quantity which is required ; but 

a very simple and useful formula, quite accurate enough for most 
practical purposes, may be obtained as follows ; — 

For values of - leas than 2, log^ 5 = ^ 

approximately. 

Making this substitution in (IX) , we have : — 

p 2 (U - r) 

Whence, ^ - ^4^^. (1**) 

r 2 f - p ^ ' 



very 
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In practical calculations, the qaantity usually required is the 
thickness of the cylinder ; calling this t, we get : — 

< = R - r 

flf+P' 



(lL±P\r- 
2pr 



2/- P 

Where d = internal diameter of cylinder. 

Example IY. — The internal diameter of an hydraulic cylinder 
is 8 incheSj and the ultimate tensile strength of the material 
of which it is made is 16,000 lbs. per sq. inch. What thickness 
of metal would be required in the sides of such a cylinder if the 
metal be not stressed beyond one-sixth of its ultimate strength, 
the water being under a pressure of 2000 lbs. per sq. inch? 
Prove the formula which you employ. (Hons. S. & A. Exam., 
1889.) 

Answer.— Here f^^x 16,000 ; p = 2000 ; &ndd= 8". Sub- 
stitnting these values in equation (X), we have : — 

2000 X 8 >, o • 1, 

^= 2xix 16,000 - 2000 = ^-^"'°^^°- 

If formula (IX) be used, then : — 

p 2000 





1 ^ 

loge- 


Or, 


1 R 


Tlierefore, 


R 




r 


And, 


t 



= 0-75. 



/ i X 16,000 
0-75 X -4343 = -326. 



-= 212. 



r = 4*48 inches. 



Strength of Snspended Chains and Wires. — ^When a uniformly 
neavy chain or wire is suspended between two points, to find 
^® cqtiation to the curve in which it hangs, and the tension at 

point. Let T be the tension at any point P ; and H, that 
J* tlifi lowest point O. If W be the weight of the part O P of 

chain, it is evident that O P will be in equilibrium under 
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the action of three forcea — the 




Illustrating Strength of 



tensions at O aad P and its i 

weight acting through 
its centre of gravity. Theaa 
three forces, therefore, muafc 
paas through some point K, 
in O such that K P will 
be a tangent to the curve 
at the point P. Let the 
curve be referred to the co- 
ordinate axesj O ic, Oy^ and 
let 01^ = X, and N 1^ = 
O P = Also let w be the 
weight of a nnit length of 
chain, and for H write 



m w. Resolving vertically and horizontallvj we get 
T sin W^s«£j, T cog p = H^i 



Hence, tan p ^ 



dy 



But, 



dy 
dy = 



sin 
8 . ds 



s 

' dx m 
1 



Integrating this expression, we have : — 

To find the value of the constant we know^that > ^ 0, when 



:0. 

Or, 

So that, 
and, therefore, 



Snbatitutiag this value of 5 in (1), and inverting 

dx m 

iy~ Jiy^mf^^' 
Multiplying each side by dy^ and integrating, we get : — 

a; = 17* , log^ {{y ^) + *J {y 'JTif - + C. 
When aff=0, ^ = 0, then : — — - tm , log^^ 

Hence, x = m. log, | g > + (g + jjz!!^ | . 



(2) 
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Equation (2) is sometimes useful in the solution of problems. 
In order to get the equation to the curve in which the chain 
hangs, or, in other words, the relation between x and y, we write 
(2) as follows : — 



X 

m 



-■<«.|(^)we-~)"-'} 



Ih..i. .... (3,. 

Where e is the base of the Napierian or hyperbolic logarithms. 
Now, since : — 



1 



NTow, adding (3) and (4) and reducing, we have finally : — 

Or, y = ~ W^-e j 

The curve whose equation is (XI) is called a catenary. 
To find T, the tension at any point, we have : — 



T = -; =8W-i-- 



sin (p * + „j2 
But ^rn^-y + m, 

T = iv{y + m) (XII> 

When the curve is very flat, as in the case of telegraph wires, 

then * = flc approximately, and (1) becomes = — . 

ax m 
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Multiplying hj dx and integrating, we get : — 

This requires no correction, because x and y vanish tog< 
Example V. — A telegraph wire, which weighs ^ of a 11 
yard, is stretched between poles on level grouna, so tha 
greatest dip of the wire is 3 feet. Find approximate!; 
distance between the poles when the tension at the lowest 
of the wire is 140 lbs. (Hons. S. and A. Exam., 1891.) 

Answer. — Here, H = 140, y = 3 ft., and to = ^;and sin 

30 

H = mw 

140 = m X -i . 

30 

Or, m = 4200. 

Putting these values of y and m in equation (XII 
becomes :— 

^2 

3 =. 



2 X 42U0 



a; = ^3 X 2 X 4200 = 158-7 ft. 
Distance between poles : — 

= 2 a; = 2 x 1587 = 3174 ft. 
If the more exact equation (2) be used, then : — 



2 a; = 2 X 4200 



X 1% { 



4203 + V42032 _ 4200^ 1 



4200 J 



„ = 8400 X log, 



210 

= 8400 X 0-0374 = 314-16 ft. 
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Lectubb XXIX.— Questions. 

1. What do you nnderstand by the terms strain, stress, and modvlus of 
^idty f A tie rod 100 feet long, and of 2 sqnare inches sectional area, is 
stretched three-quarters of an inch under a tension of 32,000 lbs. What is 
the intensity of the stress, the strain, and the modulus of elasticity under 
tiiese circumstances? (S. and A. Exam., 1888.) Ans. 16,000 lbs. per 
square inch; 0*000625 ; 25,600,000. 

2. A ship is moored by two cables of 90 feet and 100 feet in length re- 
specidyely. The first cable stretches 2| inches, and the second stretches 3 
inches, under the pull of the ship ; find the strain of each cable. (S. and 
A. Exam., 1889.) 00243 ; 0*0025. 

3. Define the term Resilience, Show that the work done on a material 
by a Im load is four times that done by an equal dead load, A wrought- 
iron tie rod 20 feet long and '5 square inch cross sectional area bears a dead 
load of 5,000 lbs. Find the work done on stretching the rod by this load. 
What live load would produce an instantaneous elongation of another 
A inch? Take E = 30,000,000. ^7i«. 33*3 ft. -lbs. ; 3,125 lbs. 

4. A rod of iron 25 feet long and 2 square inches cross sectional area 
checks a weight of 80 lbs., which falls from a height of 20 feet before be- 
gnning to strain it. Find the greatest stress and strain produced. Take 
E = 25,000,000. Ans. 39,960 lbs. per square inch ; *0016. 

5. If the modulus of elasticity of a piece of steel in lbs. per square inch is 
32,000,000, how much would a bar | of an inch in diameter and 25 inches 
long extend under a load of 10 tons ? If its limit of elasticity is 21 tons 
per square inch, what is its resilience ? (S. and A. Exam., 1894.) 

6. What is the resilience of a bar ? A bar of steel is | inch in diameter, 
&Qd 30 inches in length, and is under a tensile pull of 10 tons, what is the 
work stored up in the bar, the modulus of elasticity being 32,000,000 lbs. 
per square inch ? (S. and A. Exam. , 1895. ) 

7. Built-up guns are made of concentric rincs, the outer hoops, or rings, 
l>eing shrunk or forced upon inner tubes witn a regulated tension. Sup- 
posing the external diameter of the inner tube to be 12 inches, and that the 
substance of its covering hoop is to have given to it an initial grip of 4 tons 
per square inch of its sectional area ; the exterior diameter of this second 
noop is 18 inches, and is to be covered with a third hoop, having an initial 
pip of 8 tons per square inch of its sectional area; will you work out 
in arithmetic the difference of dimensions that will afford the above 
conditions ? 

S> Prove that when a thin spherical shell is exposed to the bursting 
P^ure of gas or liquid the stress in the material is half as great as that 
^thin the curved surface of a thin cylindrical shell exposed to the like 
pressure, each shell being of the same thickness and diameter. (S. and A. 
Exam., 1891.) 

A long thin pipe of given internal radius is subjected to fluid 
pressure ; find the tension of the material of the pipe. If the internal 
^us of the pipe is 6 inches, and the thickness of the pipe 0*5 inch, what 
fluid pressure per square inch would increase the radius of the pipe by 
0*001 mch ? The modulus of elasticity being 20,000,000, and the elasticity 
0^ the material being supposed to continue perfect. Ans, 277*7 lbs. per 
square inch. 



10, A bydrftulk cylinder, 10 feet long und 6 inches in diameter, acts 
a brake on a lift. It has a movable piatOD fitted with a Bpring valve« 
Ihe cylinder belni;r fall of liquid when the lift is at its highe^it poaltion, and 
the piston and rod at the end of the stroke inatde the cylinder^ It was 
found that when the lift began to deacend the internal pressure was 1,000 
lbs. per square inch, which gradnally rose to 2,000 Ibg. when the pii^ton 
had travelled feet Treating the cylinder as a thin one, what wonhl be 
the law of vanation of thickDesfl at difibrent points? Prove the formula. 
(S. and A, HonR. Exam., 1890.) 

IL A uniformly hea^ chain is snapended from two given points: fiiid 
the equation to the curve in which it hangs, and the tension at any point 
of the curve. (S. ^d A. Hons. Exarn., 1892.) 
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Contents* — Torsional Stren^h of Sbafta— Exatnplo& I», IT.^ and ITL- 
Strength of Shaftg subjected to Combined Twiating and Beufiing-* 
Theorem— Examples IV. and V",— StiUheaa of Shafts — Angle of 
— Example VI.— Qneationa» 

Torsional Strength of Shafts, — In order to transTnit energy 
through a shaft ^ the drivixig force niust be applied at some 
distance from its centre. The driviug forca and its effective 
levei'age, therefore, constitute what is termed a Turning of 
Twisting Moment (T.M.) which puts the shaft in a state 
twist or torsion. The tendency of a purely torsional moment 
applied to a shaft is to cause the siiaft to shear in planes 
normal to its axia, and this has to be met by the shearing 
resistance of the material, which resistance must, of course, 
be of the nature of a moment. The resistance the shaft ofler& 
to twistirip; we term its Torsional Resistance (T.li.); and as this 
balances the turning moment, we have : — 

T.M, = T.R 



We have now to find the value of T.R., as depending on the 
material and dimensions of the sbaft, and shall confine ourselves 
to shafts of circular section— solid and hollow. Suppose the 
accompanying figure to represent an end view of a shaft ; and 
suppose A B and ah to have been parallel diameters of two 
sections very near to each other when the shaft was at reat ; 

then J when the sliaft is at work trans- 
mi ttin^? energy, the diameters, A E and 
6, will no longer be parallel, but will 
make an angle with each other, as 
shown. A longitudinal section, through 
the axis of a shaft, which is a plajie 
when the shaft is at rest, tims becomes 
a screw surface when the shsktt is 
working. We shall have occasion later 
to measure this angle of twist ; but in 
the meantime we are mainly concerned 
with the distribution of shearing stress 
within the shaft. 
Look ^ at the figure, we easiiy see that the strain in any 
ring of ibres must be proportional to the arc of this ring 




Illust atinq Strain 
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'vhich is included between the diameters AB and a 5, when 
ihese are twisted out of parallelism by the turning moment. 
'Within the elastic limit of the material, therefore, it follows 
that the shearing stress in any ring of fibres is proportional to 
the radius of that ring. 

Therefore, let / = the greatest shearing stress, in lbs. per sq. 

inch, permissible in the material of the 
shaft. 

D = the outside diameter, 
d = the inside diameter of the shaft, both in 
inches. 

And X = the radius of any ring of fibres within the 

material of the shaft. 

Then the shaft must be so proportioned that / shall be the 
value of the stress in its outermost fibres which are J D inches 
from the centre. Consequently, from what has already been 
«ud, we have : — 

Stress at aj = ^ / = ^^/. 

Consider, now, the ring of fibres at x inches from the shaft 
centre, whose radial thickness is dx inches. The sectional area 
of this elementary ring will = 2'7rxdx sq. inches; and its 

(resistance to shearing will be 
2irxdx X ^ /lbs. = ^-^o^dx lbs. 

Now, the leverage at which this resisting ring of fibres acts, is 
X inches ; therefore, its movant of resistance is x^ d x x aj, 

or ^ a^dx inch-lbs. 

Hence, summing up the moments of resistance of all such 
elementary rings which go to make up the shaft, we get : — 

-~ J*a^dx, 
id 



T.E. = 



B \ 4: 4 J. 

" 16*^ V D / 



\ 



17 
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Heiiee» for hoUow sh&fts, we hare ; — 



For solid shafts, we make d = 0, and get : — 

= 11 »»/ 

It is mstmctiYe to compare the torsional rf'sistances of 
and hollow shafts of the same weight and material. Tor til 
purpose let Dj be the outer diameter of hollow Bhaft* 

Then, if we neglect conplm^ and eonsider the shafts to bei 
equal length, the weights will simply be proportional to tktf 
sectional areas ; 

Wei^?:ht of hoUow shaa Df - ^ 



Weight of solid shaft 



Da 



For equal weights, this ratio is unity ; therefore we 
the relation 



Or, 



Now, we have from equations (I) and (II) : — 



T.R, of hollow shaffc 
T.R of solid shaft 



Df + 



D 



d; 



It will simplify matters if we put d = x x D^, where t ii a 



proper fraction, we then have : — 

T.a of hoUow shaft 
T,R, of solid shaft 

For example, let a? = |, then : — 
1 + ^ 1 ^ i 



1 + ar 



= 1-443, 




This result shows that for the same length and weighty tlu 
hollow shaft having outer and inner diameters in the proportioi 
of 2 to 1 will be 44 -S per cent, stronger than the solid one. 

The turning moment driving a shaft may either be unifon] 
or variable in amount. Shafts driven by means of gearing, an< 
revolving at a uniform ?.T^ed, are ^enerallf considered aa case 
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uniform tarning moment. Aa a typical example of variable 
^oing moment, we have the case of the steam engine crank- 
tffcj where both the driving force of the steam on the pis to a 
its effective leverage are continually varying throughout 
I stroke. 

?^hen the turning moment is uniform — that is, when the shafb 
solves uniformly at n revolutions per minute, and transmits 
ergr at the rate of so many H. P., this is all the data we 
luire to know in order to estimate M, We have already 
(see YoL L, Lect. III.) that the work done by a turning 
aple in one minute is equal to the magnitude of the turning 
iple multiplied by its angular displacement in the same time. 
How our turning couple, or turning moment, as we call it, is 
T,M. inch-lbs., or ^ T.M. foot-lbs., and the angular velocity of 
our shaft is ^^ x 2 ^ radians per minute* 
.Therefore, the 



Wori done = 



And the 



T.M. 

12 

12 



I ^ n ft, -lbs, per minute 



T.M. 



T.M. = 63|024 



33,000 
HP. 



63,024 



n 



(III) 



Example I. — Find the moment of resistance to torsion of a 
hollow shaft. Compare the strengths to resist torsion of a solid 
and hollow shaft of the same length and weight, the extreme 
diameter of the hollow shaft being double its internal diameter. 
A hollow shaft, the external and internal diameters of which are 
20 inches and 8 inches respectively , runs at 70 revolutions per 
minute, with a surface stress of 0,000 lbs. per square inch ; find 
the twisting moment and the borse-power transmitted* (S. ifc A 
Honjj. Exam., 1895.) 

Answer, — The first two parts of this question have already 
been answered in the text. 

^ith regard to the last part, we ate asked to find the values 
of T.ll and being given : — 

= 20 inches. / ^ 6000 lbs. per sq, in. 

d ^ 8 inches. n 70 per min. 

Since T,R = T.M. 



T 

16 
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and 



30416 20* - 8* 
9,183,525 inch^lbs. 



6000. 



63,024 
d,l8d,^25 X 70 
63,024 

10,200, 

Example IL — If & steel shaft revoWng at 60 reyolutioni 
per minute be required to transmit 320 horae-power, what ehouid 
be its diameter ao that the maximum stress produced in it niAj 
not exceed one-fifth of that at the elastic limit ? The eljistic limit 
in torsion is 18 tons per nq. inch. Prove any formula yoii may 
employ. (S. ik A. Hons. Exam.j 1894.) 

Answek. — Oombining formulse (II) and (HI) we hare : — 



I.e.. 



a HP 

^D^/- 63,024 



D ^ 68^5 ;/^^ . ^ - 



Here, H,P, = 220, w = 60. 

And, / = 1 X 18 X 2240 = 8064 Ibs^ per sq< in* 



D = 68-5 



220 
60 X 80G4 



5-27 mches. 



In cases where the turning moment exerted on a shaft vari^^: 
it is J of course, necessary that the ahafb shotild be of Strang" 
sufficient to withstand safely the maximnm value of T3I, 
that in dealing with an example like that of the steam engl**^ 
crank-ahaft we take as the turning force the product of the m*-^"^ 
imum effective steam pressure on the piston into the piston ai-^^j 
and for the leverage we take the crank radius, although this JjJ 
not quite accurate ; because, if the crank be driven hy means ^ 
a connecting-rod, the virtual leveE^age of the steam force at J 
certain point in the stroke exceeds that of the crank radius 
an amount depending on the relative lengths of the crank 
connecting-rod. 
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But on the other hand, the effective steam pressure on 
le piston is, as a rule, much B^low its maximum value when 
le piston reaches the point of greatest leverage. On the whole, 
herefore, it is quite accurate enough for all practical purposes to 
stimate the maximum turning moment in the way we have 
odicated. 

Thus, Let p = Greatest effective steam pressure acting on 
the piston, in lbs. per sq. inch. 

„ A = Area of piston, in sq. inches. 

„ r = Crank-radius, in inches. 

Then, max. T.M. = p Ar inch-lbs. 

By effective steam pressure, we mean the difference between 
the pressures behind, and in front of, the piston. 

Example III. — Find the diameter of the crank-shafb for a 
liorizontal engine which is to be worked with an effective mean 
steam pressure of 45 lbs. per square inch throughout the stroke, 
the diameter of the cylinder being 36 inches, the stroke 5 feet, 
and the working load being taken at of the breaking load. 
The shaft is to be of wrought iron, such that a 1-inch shaft will 
break with the torsion produced by 800 lbs. acting at the end of 
al2-mch lever. (S. & A. Hons. Exam.) 

Answer. — Let be the breaking stress of the experimental 
shaft, then the working stress in the crank shaft, according to 
the question, will be J ^ . 

To find the value of^ we are given that when T.M. = 800 x 12 
inch-lbs., and D = l'', fracture takes place. From these data, 
therefore, we deduce ; — 

J, 800 X 12 800 X 12,, 

/ sir = lbs. 

16 16 

The area of a 36-inch piston = 1017*87 square inches, 
^idriaSO inches. 

Max. T.M. = 45 X 1017-87 x 30 inch-lbs. 
45 X 1017-87 X 30 



«C tlfcafti w ljgcti i to eonbliicd Twisting 
^ — ^Ift Ksnpie ITL tli«^ dmueter of the shaft Las 
I m §m m ffnt^lj tvisttug wmmemt. Bat in no 

B W A ctmalc m tiie cftci of the load qm 
EeMCB Qm tnmti^ momeiit, which we 
how 10 imk with, there is atwajs la &cti<m 
It of greater or len megnitiide depending on tk^ 
_ it. Tlie wont eaee is tha.t ld which the cr^ 
t «m»liwi£. When this is ma, the bendiiig momexit is caussi 
1^ the tottd 00 the ptifcoo scting skmg m line (the centre Unft 
of the ^Under) ftt m certain distance from the shaft be&ii]Q| 
r to the crmnk. 




Let I « the dist&nce he t ween the centre line of the cylinder 
and the middle of the nearest abaft bearing, n 
inches; and 

p and A = (as before) the effective steam pressure and piston 
area reapectivelj. 

Then the magnitude of the bending moment w^hich we hif 
now to take into account k 

B.M* = pAi inch-lbs. 

This bending moment is balanced by the moment of redst^nce 
of the shaft, which, as will he shown in the next iecttire, ii 

M.E. = ^ DV,; U 

Where, D = diameter of the shaft journal, in inches, ^| 
And, = the tensile stress in the outer fibres of tJiti 

journal, in Ihs. per sq. inch^ 

Hence, we brb that when a cranit'Shaft is being turned hji^| 
steam on the piston, it is subjected simultaneously to a sheai^H 
stress of intensity , and a tensile stress of intensity J"^ * flW 
problem now before us is to combine these stresses so as tfl . 
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obtain "what is termed the Eqmvaleiii tensile or shearing stress ; 
but in order to render all the steps in the process clear and 
intelligible, we require to demonstrate the following theorem : — 
Theorem. — A sheanng stress on any plane produces a shearing 
ess of equal intensity on planes at right angles to it 
Let A B C D be a rectangular block of material whose thickness 
1 inch perpendicular to the plane of the paper. And lety^ be 
he intensity of the shearing stress over the fiioe whose edge is 





IlA0SllL4TIN# SHEARINO 

Stbess TnEOKEai, 



Illustrating Equivalent 
Tensile Stress. 



D. It is easy to see that the total shearing force on the face 
D which tends to pull that face parallel to itself, must be 
ccompanied hy a similar effect on the face E C in order that 
e block may not he turned around A. To find the relation 
tween those forces, take moments about A, and we get : — 

P X A D = Q X A B. 
Or, (/^ . C D) X B C = (/. B C) X D. 

HencOj we see that the shearing stress induced in a shaft by 
the turning moment is accompanied by a shearing stress of equal 
intensity on j>lanes at right angles to it ; that is, parallel to the 
axis of the shaft. 

In the right-hand figure let AO represent the edge of a 
small portion of a plane normal to the axis of the shaft, and B C 
that of another plane at right angles to A 0, On the former of 
these planes there is a shearing stress of intensity f^, due to the 
turning moment, and a direct tensile stress of intensity yj, due 
to the bending moment acting on the shaffc. By the theorem 
just proved, we also have on BC a shearing stress f^. Let 
/* denote the intensity of a tensile stress, which, acting on a 



2C4 
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plane A B iiicHned to A C and B 0, would balance the stresses 
OB these latter planes. As before, let the width of the three 
planes perpendicular to the plane of the paper be unity- 

Resolving vertically and horizontally, we have : — 

(/\ AB)co8^- AC), 
and (/' . A B) sin ^ = (/^ . BC) + (/, . A O). 

From the first of these equations we get : — 
AC 

J"^ cos^ cos^J 



tan &^ 



and from the second : — 



Or, 



BO AO 
AB ^ AB y. 
sin^ ' aintf 

cos & sin & 

sin § ^« sin 6 

f, cot ^ ^ /; 

cot 



Multiplying together (1) and (2), we get:^ 

/' /'-/ 



= 1. 



Which on being solved for gives \ — 



(1; 



We take the positive sign in the solution of this quadratic 
equation, for obviously /' is greater than \ f^. 

Being now in possession of the relation subsisting among the 
stresses, we next have to express these in terms of the T M 
and B,M. :— ' ' 
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Since T.M. = ^ I>' /,• 

And B.M. = R.M. = J DVr 

Hence, /, = (3) 

And j^^B^ 

32 

In like manner, we must have : — 

B.M.' 



^ D3 



•where B.M.' stands for the equivalent bending moment. 

Making these substitutions, and reducing, (V) becomes : — 

B.M/ = J {B.M. + + T.M.2} . . . (YI) 

Now, if T.M/ denotes the equivalent twisting moment, it easily 
follows from equations (3) and (4) that for equal intensities of 
stress we have : — 

T.M.' = 2 B.M.' 

Hence, T.M.' = B.M. + ^BM:^ + T.M.2 . . . (Yh) 

It will be found that equation (VII), giving the so-called 
equivalent twisting moment, is the one most generally applied. 
It should be noted, however, that the stress concerned here is 
a tensile one and not a shear as in a proper twisting moment. 

^Example TV. — Investigate an expression in terms of /% 
and^ which will give the resultant tensile stress,/', per square 
inch of section in a material which is subjected at the same time to a 
direct tensile stress of^lbs. per square inch, and to a shearing 
stress, /^y lbs. per square inch. A bar of iron is at the same 
time under a direct tensile stress of 5,000 lbs. per square 
inch , and to a shearing stress of 3,500 lbs. per square inch. 
What would be the resultant equivalent tensile stress in the 
material 1 (S. & A. Hons. Exams., 1896.) 

Answer. — The complete investigation referred to in the first 
pari of this question is given in the text, and equation (Y) 
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is the expression required. It onlj remains to End 
numerical value of /\ having given 

= 5,000 and ^ = 3,500 

„ = 6^00 lbs. per sq, iiL foUlj. 

Example V* — A wrougbt-iron ahaft is subjected simultftat^ 
ousiy to a bending moment of 8,000 inch-lbs., and to a twiati 
momentofl5, 000 inch-lbs. Fiudthetw is ti b g m o m e n t equi valent 
to these two, and the least safe diameter of the shaft* The saffi 
stress against shearing is to be tftken at 8,000 lbs* per EqVim 
inch. Prove clearly the formula you employ. (B. <Sc A. Bxm. 
Exam., ISm) 

Answer.^ — Here we have : — 

B.M. = 8,000 inch4bs. 

And T,M. - 15,000 

Hencej by formula (Til) we get: — 

1\M/ - 8,000 + 4y8,000» + 15,000=* 

„ = 25,000 inchdbs. 



To find the diameter of the shaft to withstand this TM' 
with a shearing stress of not over 8,000 lbs, per sq^u&re inch, we 
employ formula {II) making: — 

T.M. = T,R. = i^IbV' 



/ T.M/ _ / 25,000 _ 

Stiffness of Shafts.— Angle of Twist.— We have already seen 
that the elfect of a turning moment applied bo a shaft is to twist 
one part relatively to another. Hitherto we have been dealiag 
only with the resistance the shaft offers to beiug twisted — that 
is to say J we have been concerned only with the &trength of the 
shaft without regard to ^\uei^tAo^ itlgWaa. La many 
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—especially in light machinery — the question of the stiffiiess 
of the shafting is of greater importance than that of strength. 

The stiffness of a shaft is measured by the smallness of the 
angle of twist per unit length of the shaft. 

Turning back to the figure illustrating strain in a shaft, let 
d I be the axial distance, in inches, between the two sections 
whose diameters are A B, a 6, and let ^ be the circular measure 
of the angle between those diameters when the shaft is twisted; 
then the torsional, or shearing strain at the surface of the 
shaft, is 



B, as before, being the extreme diameter of the shaft in 

inches, 



„ C = Modulus or coefficient of shearing elasticity or of 
rigidity in lbs. per sq. inch. 

Then, since 




Let /= Surface stress in the material of the shaft in lbs. per 
sq. inch. 



stress 



/ 



strain 



\2)'dl 





To express this result in terms of the twisting moment and 
the diameter of the shaft, we have : — 



T.M. 

— D3 
16 




And, 



/ 



T.M. 



for hollow shafts. 



16 D 
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Making these subBtitutiaiiB and simplifying, we get : — 
Angle of twist for solid shafts, 

^ = radians, \ 

Or, ^ = — hn^^ ' **^SreeB, j 



(Tinr 



Andf for hollow ahafti, 



Or. 



I0-3(T.M.)L 
^ 584 (T,M.) L 

C(D*-ef*) 



rad 



lansi 



degrees. 



By the equation B just establiahedj we see that, while tho 
strength of shafts vary as the third power of their diameters, 
their stifTnesa varies aa the jhtirth power. 

Example YL — Establish a formula for the moment of resiatanee 
to toraion of a solid shaft of circular section* The angle of 
torsion of a shaft is limited to l"" for each 10 feet of length; find 
the diameter of a solid round shaft to transmit 100 H.P, at 50 
revolutions per minute, the modulus of resistance to torsion 
being 10,000,000 lbs. per sq. inch. {S. & A. Hons. Exam.i 
1892.) 



Answer ; — 
Here, 



^ = V when, L = 10 X 12 = 120 inches 



And. 



Also, 



C = 10,000,000. 



T,M. = 63,024 



HR 



- 63,024 X 



100 

50 



= 126,048 inch-lbs. 



Now^ applying formula (YllI) the given conditions are that:- 



r = 



584 X 126,048 ^ 120 
10,000,000 X D* 



Henee^ solving for we get ; — 
D = * I 



^ 4 1 584 X ^ 120 ^ ^.45 ^^^^^^ 



QUEBTIONi. 



26^ 



Lecture XXX, — QujesTroNs. 

1. A 10 inoh shftft haa a 4-mcli hole ton tKroujjh it ; what fraction of 
ita weight is removed ? To what extent in its strength in resisting torsion 
affected ? Am. 16 per cent.; 2 5 per cent, nearly. 

2. A hollow shaft is 10 iucbea cxtcmol diameter and 4 inchei iatemal 
diameter ; compare its strength to resist tor^iion with that of a solid shaft 
of the same weight. 

3. Cylindrical bars of metal, each of 1 inch diameter^ arc espoaed to 
torsiion by weights applied at the cud of a 12- inch lever. What woxild be 
the probable ultimate strength in the cage of good speeimeoa of wrought 
Iron and cast iron. State the law according to which the atrengtb of 
ehafting in creases by in reaaing its diameter. 

4. If a wrought-iron shaft of 1 inch diameter is broken by the torsion 
of a load of 800 lbs. acting at the end of a lil-inch lever^ hud the weight 
which, when applied to the end of the same lever, would break a shaft of 
the same material^ but B inches in diameter, State^ in general terms, the 
reasoning by which you arrive at the result. (S. aud A. Exam., 1S9L) 
AtiA. 21,600 lbs. 

5. If a shaft of 3 inches diameter transmits safely S3 horso-power at 
100 revolutions i er minntoj what size of shaft wilt transmit safely 20 horse- 
power at 150 revolutions per minute. A 718, 2*22 inches* 

6. If 800 lbs. at the end of a 12- inch lever be a safe stress to apply to a 
wrought -iron bar 1 square inch in section, hnd the effort which a shaft 

2 inches in diameter can transmit at the circnmfereuce of a pulley one foot 
in diameter, and making 3U0 revolutions per minute. Find also the horse- 
power transmitted. Am. 8,S93 lbs. ; 2i>4 tf^P. 

1* A shaft is of given material and given diameter^ find an expression 
for the moment of resiJitance to torsion. Given the maximum stress to 
which the material may be subjected, tind the diameter of a shaft which 
will transmit a given horse-power at a given number of revolutions per 
minute. 

S. A twisting; moment of 9,600 inch -pounds is sufficient to break a 
wrought -Iron shaft of 1 inch diameter. Use 6 as a factor of safety, and 
hence determine what horse -power can be safely transmitted through a 
shaft of 3 inches diameter when rnnning at 120 revolutions per minute^ 
Prove the formula which yon employ. (S. & A. Hons* Exam., 1889.) 

y, Investigate an expression for the moment of resistance to torsion of 
a given cylindrical shaft when subjected to a given twisting moment. 
Wliat is the maximum horse -power which could be transmitted by a shaft 

3 inches in diameter when making 150 revolutions per minute, it being 
given that the shearing stress in the material is not to exceed 7i5O0 lbs. 
per square inch? (S. & A, Hons. Escam. , 1SS7.) Am, 94*5 H»F. 

ID, If d be the angle of twist expressed in circular measure in a length 
of shafting M the twisting moment, C the modulus of transverse 
elaaticity, and d the diameter of the shaft, prove that — 

10-2 M / 

C * (S. & A. Hona. Exam., 1893.) 
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LECTURE XXXL 

CoiJTBNTS.— Strength of Beams and Girders— Definitions of Shear F 
and Bending Moment — Beam Fixed at t»ne end and Loaded at the o 
— Beam Fixed at one end and Loaded Uniformly — ^Beam Supported 
bothenda and Loaded in the middle— Example I.— Beam Supported 
en da and Loaded anywhere — Beam Snpported at both ends » 
Loaded Unifonnly— Examplea IL and II L — Floating Beams— Tra" 
ling Loads— Two Loads Moving at a Fixed Difltance apart — Exam 
IV. — Distribnted Trayelling Load — QneatioDs. 

Stren^h of Beams md Girders. — The subject under this head' 
is one that naturally divides itself into two portions. (1) 
determination of the resultant effects of the applied loads at a 
ection of a beam or girder ; and (2) the nature and amount 
the resistance offered by the beam or girder to rupture at t 
section, 

VV hen the section under consideration is in the same plane 
the load, the only effect the load has at that section is a tendency 
to shear the beam ; but in the more general case, where the load 
acta at a distance from the given section, we have, in addition, a 
tendency to curve or bend the beam at the section- Hence the 
name Bending Moment is given to this latter effect. 

la the accompanying figure, let A B represent a cantilever 




or beam fixed at one end, with a load P applied at the free end ; 
and let C be any section in the beam. At C let there be applied 
two equal and opposite forces P^, P^, of the same magnitude 
as P. The introduction of these ibrces does not affect the equi- 
librium of the system, as P^^ and balance each other. Hence, 
the effect of P at the section is equivalent to that of a 




CANTILEVER LOADEB AT END. 
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pLple PP^j with a single force P^* A general proof of this 
portant theorem is given in VoL Lecture IlL, Prop. II, 
16 couple constitutes the Bending Momeot and the 

single force Pj, the Shearing Force (S.F.) at the section 0. 

DicFiNiTioir. — The Shearing Force at any section of a beam is 
the algebraic soiu of all the forces acting on either ^de of that 
section. 

DEPijfiTioN.— The Bending Moment at any section is the alge- 
braic sum of the moments of aU the forces acting on either side of 
that section. 

Or, in sjiubole, if P denote any one of the forces acting on one 
side of a section, ajid at a dbtanoe Xj from it ] consider all the 
forces on the same side of the section as paying due regard to 
their sign — that ia, if we reckon forces acting upwards aa posi- 
tive j we mtiit regard those acting downwards as negative. 



Then, 
And, 



B.M, = SPJT 



(I) 



Beam Fixed at one end and Loaded at the other. — Let B 
be a cross-section anywhere within the length of the beam at a 
distance of x inches from the fixed end A, To find the S.F, 
and B.M. at CD, we observe that the only force acting to the 
right of the section is W lbs. Hence 



S.F, = W lbs. 




f<r L >| 

Beam ITix^d at oxk end, Loaded at other. 

It is independent of and therefore the same for all such 
sections aa CD. 

The B,M. at CD is W multiplied by its distance from the 
section in inches. Hence : — 



B.M. = W X B D = W (L ^ jf) mch-Ibs. 



{Ill) 



This equation is true whatever may be the position of W on 
the beam, so long as L denotes its distance in inches from the 
fixed endj and D is between W and the aup^Qit* 



^14 



. of atMt SlF. is a stnight line parallel 
oC W 11k. firom it. Since (in)ig 
eirmZiiua & iiBue&t TtW, , tke KM. is therefore a quantdty 
r«» ■ iiMi'ii 1 II ■Jjtf' "wi amk where x = to W L indi-lb&, 
w&3« X = as dbvM the sceooipanjing figure. 



s- r 




SwF. curre is a slraight 
line. 

Bwlft. cunre is a straight 
line. 



!XjL>%kiLOi OY SwF. A2a> fos Bsjlx Fixkd at one 

Dr AZFD LCXADCD AT THK OTHER. 

Bern Fbxd il ooe eadL and Loaded Unifoniily. — Let the load 

on ^CLif b^eiast be ar Ibis^ per inch-mn^ it is required to find the 
shedurin^ tcnne and Wnding moment at any section CD, at 
X incries tKe £jt«?>i end. As before, consider the part of the 
tMzn to tie rirfi? of C D. The onlj force is the weight of that 
p*orcioa o: the Load carried by B D, so that : — 



S.P. = fr K B D = ii; (L - x) lbs. 



(lY) 




BXAM FeLED at 05E KSl> AXB LoADED IJNIFOBMI.T. 

The moment of the portion of the load on B D with respect 
to C D is the same as if it were all concentrated at the middle 
point of B D. Hence : — 

B.M.=trxBDxiBD = Ji£7 x B = J a; (L - x)^ inch-lbs. (V) 

Equations (IT) and (V) show us that both the S.F. and B.1L 
vanish when x — !»; and when x = 0, we get : — 



BEAM LOADED AT CENTBK. 
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And, 



S.P..= a/Llbs. ....... (IV„) 

B.M. = J 0/ L2 inch-lbs (V^) 



The diagrams of S.F. and B.M. for this case take the forms 
shovn in the accompanying figure. 




S.F. carve is a straight 
line. 

B.M. curve is a parabola 
with vertex at B. 



I>IAQRAM OP S.F. AND B.M. FOR BeAM FiXED AT ONE END 

AND Loaded Uniformly. 

Beam Supported at both ends, and Loaded at the Middle.— In 
jhis case we measure x from the middle point of the beam, 
oince W is equidistant from A and B, the reactions at those 
Pomts, and Rg* equal to each other, and since their sum 
^ ^, we have :— 



Hi lie 




Beam Supported at both ends and Loaded at Middle. 



?te only force to the right of C D is E-g, and its leverage : 



27B t^CTUBE xxxt. 

Hence, B*P* ^Eg = i W lbs • 

And, B.M. = R2xBD = J W (| L- jr) mct-lbs. , {TI]) 

Her©j the B.M. vanishes whtn \ and increases unifomly 
from this until t — O, when it attains its maximum value, J W 
inch-lbE* 

Or. Maximum B,M. = iWL inch-lbs, . . . {YH 

The following figure shows the diagrams of S*F. and B.MJ* 
i^iB case : — 



S-F, 



a pair oi 
straight Iw^ 

B.M. cnrre' 

a pair 
straight llae*- 



K L 

Diagram of S.F. aitd B*M. for Bkam SuppoETfin at both ends 
AND Loaded i.^ Middle* 




ExAMFLS I.— In a beam of length supported at both ends 
and loaded at the middle with a load W, show that the bending 
moment ia greatest at the centre of the beam and equal tc) 
J WL, Then determine graphically the bending Djoment and 
shearing force at a point 6 ft. trom one support in a beam of 35 
ft, span loaded with 5 tons at its centre. (Adv. & A. Exam., 
1890.) 

AifiWER*— We have already seen from equation (VII) that 
for a beam loaded as in this example, the B.M, at 
distance from its midille point, is 



This is obviously greatest when x = — that is, at the centTe* 
Then :— 



I 



Maximum B.M. = | W L; and ST. = ^ W. 
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For the values of W and L given in the example, we get : — 

Maximum B.M. = ;| x 5 x 25 = 31*5 ft. -tons. 
And, S.P. = J X 5 = 2-5 tons. 

S.F. 

T 

2-5 




25' ^ 

S.F. AND B.M. Curves for Example I. 

accompanying figure shows the diagrams of B.M. and S.F. 
^8 constructed from these data. 

At 6 feet from one end the B.M. measures 15 ft. -tons. This 
IS easily verified by means of the formula for BiM., because 
12-5 -6 = 6-5. 

B.M. = J X 5 X (12-5 - 6-5) = 15 f t.-tons. 

Beam Supported at both ends, and Loaded Anywhere. — With 
3- single concentrated load, the maximum bending moment will 




Beam Supforted at both ends, and Loaded Anywhere. 
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always occur immediately under the load, whetlier it be at the 
middle of the beam or not. 

£'or the at any lection at a distaace from one end is 
B X X, and this is greatest when x is largest; that is, when the 
section is under the load. 

To find the reactions at the supports, we take moments about 
A and B, and get Kg x L — W x 

r, = ^ W lbs. and = ^ W lbs. These ara the values 

of the S.F, to the right and left of W respectively. 




S.F. {to right) 
S.F. (to left) 



m 



W lbs. 



(Till) 



Wlbs. 



Multiplying the first of these ecjuations by «, or the latter 
. we get : — 



Maximum B.M. 



inch-lbs. 



We can now construct the diagrams of S,F, and B.M. 




^2 S.P- curve is two 
straight lliies. 

B.M, curve is two 
straight linea. 



k L 

Diagram of S.F. akp B.M. foh Sinoli Load in ANr FosmoF, 

Beam Supported at both ends and Loaded Unifonnly.^As 
before, let the weight per inch-run be denoted by iv, then the 
total load carried bj the beam will be L lbs,, and the reactioM 



BEAM LOADED UNIFORMLY. 
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and It2) will each be ^ ti^ L lbs. Taking the forces to the right 
of the section C D. 




Beam Supported at both ends and Loaded Uniformly. 



We get, S.F. = Rg- x BD = ^w;L- it'(iL-a;) = a; Jf lbs. (X) 
And, B.M. = RgxBD-tc;. BDx iBD 

„ = Jm?LxBD - ^w. BD2 

„ = ^w;. BD(L - BD) 

„ = iw^Jj - x) (JL + x). 
B.M. = I m; (J L2 - jf2) inch-lbs (XI) 

The limiting values of S.F. and B.M. are : — 

When, a; = J L ; then, S.F. = | a; L lbs.; and, B.M. = . (X^) 

When, aj = ; then, S. F. = ; and :— 

Maximum, B. M. = J m; L2 inch-lbs. . . (XI^) 

Plotting our diagrams of S.F. and B.M., we get the figure 
shown on next page. 

When a beam carries more than one load, or is loaded in more 
ways than one, the simplest and safest way is to consider each 
load separately, without regard to. the others, and then combine 
the separate effects so as to obtain the resultant action, as in 
Example II. 

!ExAMPLE II. — Draw the bending moment and shearing force 
diagrams for a beam 12 feet long, supported at both ends, and 
loaded with weights of 4 and 6 tons at distances of 3 and 8 feet 
respectively, from one end of the beam. Explain fully the modf 
of arriving at these diagrams. (Adv. S. <k A. Exam., 1887.) 

Ai^swER. — Measuring distances from the left end of the beam 
and considering each load separately, we have, for the 4 tons, t( 
the left of the load : — 
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m 9 

ar.,-*^ W=r^)i 4 = 3 tons. 



Andi to the right of it : — 



SX, = r W = ^^x i = l ton. 




S.P* curve is a 
straight liae. 

B.M. curves is a 
parabola with vertex 
BgIdw the middle of 
the beam. 



BlA&RAM OP S,F, AFD B.M- FO^ A BbAM StTFPOBTE3> AT BOTH StW AKD 

Loaded UNmiRMLT. 
The maximum due to this load is 

It occurs immediately under the load, 
Kext taking the 6-tom load, we have to the left of it : — 

S.F.a-^W^ix 6 = 2 tone ; 

And to the right of it : — 

m 



* L 12 



The maximum B^M.^ due to the 6 tons is : — 

= W = ~ X 6 = 16 ft-tons. 



EXAMPLE II. — LOADED BEAM. 
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Plotting these results, we get the accompanying figure 



I 

I X 

I I 
I • 

5 4 




S.F. AND B.M. Curves for Example II. 



The thin lines show the actions of the separate loads, and the 
full lines their combined results, obtained by taking the alge- 
braic sum of the former. 

The student should here carefully observe the necessity of 
attending to the sign of the shearing force. Thus, between the 
weights we have a shearing force of 2 tons, which, on account of 
its sign, is drawn below the base line ; also a shearing force of 1 
ton drawn above the base line. The resultant shearing force 
between the loads is therefore the difference of these, and is 
drawn on the same side of the base line as the greater of its 
components. 

The bending moments everywhere along the beam are of the 
same sign ; therefore, to obtain the combined bending moment 
diagram, we have dimply to add the ordinates of each separate 
diagram. Thus, to get the total bending moment at the section 
under the 6 tons load, we add F G (viz., that due to the 4 tons 
at that point) to F H (that due to the 6 tons). The result F K 
is therefore the total B.M. at that point. 
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It is quite sufficient to do this for the sections under each 
load, and then to join each of the points so obtained mth 
each other and with the ends of the beam by straight linta. If 
drawn to scale, the B.M. at any other point can then be obtained 
bj measuring the corresponding ordinate. 

Example IIL — A horizontal uniform bar, IS inches long, is 
laid over two supports, each 4 inches from its ends. Find two 
points at which the bending momenta are zero* (Hons* B. t 
Exam.) 

Answer, — ^Let to be the weight in Iba. per inch-run of the bar- 
Then the total weight of the bar will be 18 w Ibs.j and tlie 
reactions will each be 9 lbs. 

























*-x-> 


[d I 





I 



1^^^ rs"^ _ 

Illustrating Example III* 

Taking moments to the right of tlie section C I) at a distaooe 
£C inches from the centre of the bar^ we get 

B:M. = Eg (5 -a;)-M3.BDxJBD 

„ = ^w{d - jfS) inch-lbs. 

The B*M. will be zero when d-a^^Q; te.^ when x=t-^ 
inches* 

Hence^ the required points are 3 inches on e&dh side of tb* 
centre^ or 2 inches inside of the supports. 

Floating Beams. — When a solid body, such as a piece of wo^o 
of unijbi^m density f floats in still water its weight and its hxi^T 
ancy, or the resultant upward pressure of the water on the bodji 
will at all points balance each other. There are consequently 
shearing or bending stresses on the body, and each part is ^ 
equilibrium independently of the other parts* 



FLOATING BEAMa 
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But whenever those conditions are departed from, such as (1) 
when the floating body carries weights ; (2) when it is not of 
uniform density, due to want of homogeneity in its material, if 
solid, or to its being hollow, or of a boat form ; or (3) when it 
crosses waves, then bending and shearing stresses are set up. 

Consider the case of a uniform beam of wood of rectangular 
section floating in still water. The beam will displace an amount 
of water exactly equal to its own weight. This is true, not only 
for the beam as a whole, but also for every individual segment 
of the beam. Any segment of the beam will displace just as 
much, and no more, water than it would do if floating by itself. 
The beam, therefore, is as free from stress as it would be if it 
^ere lying on a perfectly flat surface. 
Suppose now that a weight W, be placed on the middle of a 



depth and displace an extra volume of water. The weight of thi& 
extra displacement is exactly equal to W. What, now, is the 
condition of the beam as regards straining forces 1 Evidently, 
we need only consider the weight W, and the extra displacement, 
due to its being carried by the beam; because the upward 
reaction of the displacement due to the beam's own weight, is 
still at all points balanced by the downward weight of the beam. 
In other words, the condition of the beam, so far as its own 
weight and displacement are concerned, is in no way affected by 
the addition of the load. 

To give definiteness to our ideas, let W be expressed in lbs., 
and let L denote the length of the beam in inches. 
Then the forces we have to consider are : — 

(1) W lbs. concentrated at the middle of the beam and acting 
downwards. 

(2) The displacement of W lbs. of water uniformly distributed 
^ong the whole length of the beam and acting upwards, with an 

W 

intensity of -j- lbs. per inch of length. 

The case is, therefore, analogous to that of a beam uniformly 
*^ed and supported at its centre ; or what is virtually the 
^nie thing, two beams of length equal to | L, fixed at one end 
^d loaded uniformly. For, in order to obtain the shearing force 
*^d the bending moment at any section of the beam, x inches to 

either side of W, we have simply to substitute -j^ for ta, and 

ilforL in equations (IV) and (V), and we get : — 




This will cause 




S.P. = ^(iI.-;f)lb8. 



(XII). 
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And, 



W 



BM.= ^^i^h - jrf inch lbs. 



(XI 



Under W the sheariDg force aod bendmg momezLt &tB each 
maximum. Their yaluea maj be found by making x — 0» 

Thea the Maximam S-F, = J W Ihs. . , , {XII 

And the Maximum B.M. - ^ WL iech-lbs. . {XIII.) 

The diagrams of and B.M, for this case are construct^ 
in identically the same way as for a beam fixed at one end and 
carrying a uniform load, but taking ^ L as a base line instead 
of L. 

Suppose that, instead of one weight in the middle, the hem 
is loaded with two weights, one at each end, and each equal to 
W lbs., it is easy to see that the condition now is that of a l>eam 
2 W 

uniformly loaded with ihs, per mch-nin and snpi>orted At 
^ach end. We hare, therefore, only to apply formulea (X) and 
(XI), substituting —J — for «?, when we get : — 



ST, 



2W „ 
^,;flbg. 



And, 



B.M. = 



W 



(iL« - X'-) inch-lbs. 




Mere the shearing force is a maximum when ar = J L, and the 
bending moment a maximum when as = 0. 



Or, Maximum S.F. ^ W lbs. . , 

And, Maximum B.M. = ^ W L Inch-IbB, 



The diagrams of S.F, and B.M. are, therefore, in every waj 
similar to those for a uniformly ]caded beam supported at the 
ends. 

Travelling Loads. — The simplest case of a movable load is that» 
wherein we are given a weight, say a heavy cylindrical body, 
rolling along a beam, to find the equations of maximura S-I** 
and B.M. for any position of the load, and exhibit these results 
in a diagram. 

Referring to formuVsi ^YWl"^ ^.VLd (TLX), and the diagrams 
already deduced iox a* ^x.ftii V^bA Via. tvmy 
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Lave for the mazimum S.F. to the immediate right of the 
load : — 

S.F. = W lbs. 

And, to the immediate left of the load : — 

S.F. ^ W lbs. 

For the mazimum B.M., which occurs immediately under the 
■ load: — 

B.M. = W inch-lbs. 

Putting m = X ao that n = L — a;, we obtain, when the 
load is X inches from the left end of the beam : — 

W 

The Maximum S.F. (Jtist to right of the section) =j^x 

W 

„ „ (just to left of the section) = -j-(jf-L) 
And, Maximum B.M. =-^(L - x)x (XYII) 

To construct the diagram of S.F., we observe that its equation 
18 that of a straight line, and that to the right of the section 
considered its value is zero when the load just starts from the 
left end of the beam, and increases uniformly as the load 
approaches the other end. That is : — 

When, a; = 0; then, S.F. = 0. 

Also when, a; = L ; then, S.F. = W lbs. 

There is also another line for the shear to the left of the 
section. This line (which has been omitted in the diagram) 
passes through B, and its ordinate is - W at the end A. 

The equation of the B.M. curve is that of a parabola, whose 
jxis is vertical, and passes through the middle point of the 
^m, where, of course, the maximum value of B.M. occurs. To 
Construct this diagram, we have : — 

When, a; = 0, or a; = L ; then B.M. = 0. 

Also when, a; = J L ; then B.M. = J W L inch-lbs. 



(XVI) 



286 



The arrow indicates the direction in which the Ic 
posed to move. 




S.F* curviii 
pair of sttaiglj 
(one of whx< 
beeti omitted 

B. M, curn 
parabola witll 
vertical. 



Diagrams of and B.M. mn Rolling Load- 
Two Loads momg at a fixed' distance apart. — From the a 
simple case we may easily pass to a very importiint pro^ 
example of raoviag loads — viz.^ overhead travelling cranes. 
Here the crane rest^ on a carriage with four wheels rm 
on two rails carried hy girders, the weight of the whole iiia< 
together with the load being equally disttibuted over the wl 
Hence, conaidering one girder only, our problem is reduc< 
that of two equal loads moving along the girder at a 
distance apart. 




iLLUSTRATtSO TRAVBLLIN& CrAITI PrOBIjEM. 

In the figure lot W be the weight resting oo each wheel, 
be the distance between their centres. If the motion be sup 
to be in the direction shown by the arrow, it is evident 
until the carriage gets to the middle of the girder the max 
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bearing force and bending moment will occur under tbe leading 
vlieel — tbat is, if we estimate the shearing force to tbe im- 
cnediate right of the wheel. But as the same thing takes place 
in tbe reverse order when the carriage moves from the other 
end of the girder in the opposite direction, we shall take the 
section of the girder immediately under the following wheel 
and estimate the shearing force and bending moment for that 
position. This method of procedure will be found to lead to 
fimpler equations than if we had taken the leading wheel as our 
point of reference. 

. Now, considering the forces acting to the left of the wheel, we 
mily see : — 

That, S.F. = Rj. 

And, B.M. = Ri X aj. 

To find Rj we take moments about B, which gives us : — 
Rix L = W{L-(a; + c)}+W(L-a;) 
„ „ = W{2(L-aj)-c}. 

R, = 5{2(L-a:)-c}. 
Hence, S.F. = ~^{2(L-jf)-c}. . . . (XVIII) 

And,^-^' B.M. = ^{2(L^jf)-c}jf. . . . (XIX) 

The equation for the S.F. is that of a straight line, and for the 
" M. a parabola. To find the position and dimensions of those 
diagrams, we see that : — 

When a; = 0, S.F. = ^ (2 L - c), and B.M. = 0. 

Again, both S.F. and B.M. will vanish when 2 (L - a;) - c = ; 

^hatis, wheno; = L - |. 

To find the maximum ordinate of the B.M. curve, we have 
^he condition that, when the B. M. is a maximum : — 

;^(B.M.) = 0. 



is, ^ {2 (L - a;) - c} a; = 0. 



r r 

r = ^--j. 

T>r -d^Ttcnar t'tts daiEmt "vuL i3t«E»jRL oiosist of two 
^cr:u«jiv arnnic ^'-i tmer k '^n^ :iLa^£I«e- of Uie girder's 

tis^ ^^.dmc ntimenn "^-p^"" will ransisi of two 
-•i'.au ^'xcTw^unr nttrg^^^n?! ui Tau- 3u^£ue q£ the girder. 
Ttt- *^ V I ^•A»>*^ '•iisik nsnutitois^ -pill a»f ^AxixaaiaKant from the 

*5:;...v«i — C:i k -m - --iiiir :rMii nf -frj 5e*»« span the load 
*. i-^-^k .1 i T iiusi na* x^«:il tww smilar girders, 

atr u.- \ Uf .-u-'-ai?* lejiiT ^ laiur^ fcmi I<na of 2i tons 
:".:vii.;*;^ u « it-^u 1i]c:llzl k liiic^noL ^JifO-win^ the maxi- 

ttvi-.tt *v'ivii:v-c vnvu. ur r^-^ry itictGaiiL :r inrt- iir^er, and give 
iit* x.nu* 'ri -w *w:u-> w dstakaiftf* ic 11^ 11^ £o Ifeet from one 

Ht\i» *^ tt^^ >. ^ ^ T.l:!*!!., I'SSI.. 

V.^*?"^* -t. - "iiiC inoKrw izriLxIiK^ wie hmve, for the 

IT . 

vi.)v.t \: 1.x , s?-:: i:* 3X-5ft4ons. 

\V K^n - :> 1.x - r ."f-:^ = 3»-3?5 IL40DS. 

\V'Kv, - n IX = ^ .-f-iC I!!: = 40 It-tans. 

^V , > s;%e(t» TJ«i l^X kiTTA'"^ ixs xouimuni Tilne 

U,*i*sv. a ix* ift^x^T^xtr Kl^. = ^ :S IS = 40-5 IL4iOiia. 
Vtifi^ vsi :f>,*<i jbil-^^ cif^CTKMi. boit we hare add it 
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The maximum S.F. CKJcura when as 0, and when x ^ h its 
value for tliis case then being : — 

Maximum S.F. = ^|-{80 8) = 4^5 tons. 

8 

Andj like the E.M., it is zero when = 40—^=36 feet. 

The following figure shows the B.F. and B.M. diagrams as 
required for this example. 




DtAOHAM OF S,F. AND B.M. FOR. A TUAVELLUfO CrANE. 

Distributed Travelling Load. — The last case we shall consider 
ia that in which a continuous load of uinform density, and 
long enough to completely cover itj comes on to a girtier and 
moves off at the other end, such as a long train of uniform 
weight passing over a bridge. 




^^^^^ 



< » - - ^ 




Illustrating 1!blayeman<} ho ah of tJwrraBM Iktbnsitv, 

In the figure, let w denote the load per unit of length. When 
the load is in the position shown, it is clear that the S<F., at 
ail points to the right of C, will be equal to ; and that at any 
section D, to the left of Cj the S,F. will be less than 
weight of the portion of the load covenng CD. It at once 
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follows that the 9.F. is greatest at the front of the loidyo'l 
this is true for all positions of C. 

Hence, S.F. = R,. 

Taking moments about A, we have : — 

X L = wx X J X. 



That is. 



^ ~ 2L' 
wx^ 
2L 



aF. = 



(33} 



The shearing force is, therefore, proportional to the sqiuRtl 
the length of the part of the load resting on the girder. 

The curve of the maximum bending moment is very eadj 1 
deduced in thw case. We have only to remember that Uie U. 
at any hxed section in the girder will get greater and greater for 
everj arid itional part of the load that comes upon it; so tlttk 
when the girder is wholly covered by the load the RM. ateveij 
position will then be a maximum. The B.K. diagram is there- 
fore identical with that given for a beam loaded unifonnlyi 
whilst the aF. diagram becomes a parabola instead of a stnd|^fc 
line. 

The following figure shows how the S.F. and B.M. diagrtott 

are constructed for this case. 



1.1 
I iU 

liF. 
1 i 

1 




S. F. 



and b.m. diaorams for travelling continuous 
Load of Uniform Intensity. 
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Lboturb XXXI. — Questions. 

1. Define bending moment'* and shearing force," A uniform beam 
weighing 15 cwts. rests on supports at its ends 20 feet apart. The beam 
is loaded with three weights of 4, 6, and 10 cwts. at distances of 2, 7, and 
12 feet respectively from one of the supports. Find the B.M. and S.F. 
At a point 8 feet from the same support. Ans, B.M. = 98 ft. -cwts.; 
S.F. = 3 cwts. 

2. A l>ar of pine 44 inches long rests on props at its extremities, and just 
supports 10 weights, of 14 lbs. each, hung at equal intervals of 4 inches 
along the rod. Find the amount of a single weight, which, if hung at the 
centre of the bar, would strain it to the same extent. Ans, 43*27 lbs. 

3. A. 1>atten of fir, 6 feet in length and supported at its extremities, will 
jnst sustain a load of 520 lbs. when hung at the centre. If this weight be 
removed, and two weights, each equal to P lbs. , be hung at distances of 
2 aJid 4 feet along the bar, what is the greatest value which may be 
assigned to P ? Ans, ^90 lbs. 

4. A, l>eam, 20 feet long, whose weight is neglected, is supported at both 
ends and loaded with 1 ton evenly distributed along its length. Find 
the bending moment at a distance of 7 feet from one end. Ans, 5,096 
ft. -lbs. 

5. JL beam, whose weight may be neglected, rests on supports at its ends 
15 feet apart. Weights of 10, 6, 5, and 12 cwts. rest on the beam at 
intervals of 3 feet apart, the weight of 10 cwts. being 3 feet from one 
support. Find the points where the maximum bending moment and 
shearing force occur, and obtain their values. Construct the diagrams 
of ben<uiig moments and shearing force for the whole beam. Ans, The 
nutx. S.M.,= 66 ft. -cwts., and occurs at all points between the weights 
6 and 5 cwts.; the maa;, S.F. = 17 cwts., and occurs at the point where 
the weight of 12 cwts. rests. 

6. A uniform cantilever, or beam fixed at one end and free at the other, 
lO feet long, weighs 6 cwts., and carries two loads, one of 2 cwts. at the 
free end, and the other 4 cwts. at its middle point. Construct the 
shearing force diagram for the whole cantilever, and find the shearing 
forces at points 2^ feet and 6 feet from fixed end. Ans. 10*5 cwts.; 
6 '4 cwts. 

7. A block of wood weiehing 800 lbs., 20 feet long and 12 inches square, 
floats in water, and is loaded — 

(1) By a weight of 200 lbs., placed at each extremity; 

(2) By a weight of 400 lbs. at the centre. 

Show what forces act on the beam, and draw the curves of shearing force 
and bendine moment for each case. (S. & A. Exam., 1892.) 

8. A girder is supported at both ends, and has a clear span of 30 feet. 
Show by means of a curve the position and magnitude of the greatest 
bending moment produced by a load of 20 tons as it rolls from one end to 
the other of the girder. Obtain the numerical results for distances respec- 
tively of 10 and 15 feet from one end. (8. & A. Hons. Exam. , 1895. ) 

9. Prove an algebraic formula to show that, with a continuous load of 
uniform intensity passing over a beam AB such as when a long train 
passes OTor a bridge A to B, the maximum shearing stress to any point 
K of the beam occnrs when the part A K is fully loaded while the part 
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K B is entirely unloaded, and that the magnitnde of the stress La propor* 
tioual to the square of the distance of K from the point A. A train of 
J tCKH per foot ruii» and upwards of 100 feet in longth, passes over a hridge 
of iCNi feet spjin; what would be the maximum sheariog Btr^sses at distaaeei 
of 25 and 60 feet respectively from one end of the bridge? Show how to 
determine graphically the shearing stresBes in the bwa, (S. & A. Hons* 
Exam., lS9d.) 
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LECTURE XXXIL 



CcffTSTTSL — Keas:ayKe of Beama to Flexure — Kxminplcs L, IL, in.,tDd 
jy. — Ttin WrcnzrB.t-Iiv«i Girders — Example V. — Curvature and De- 
Aectdcc of Beaaa^Exwnple VL — Uniform Beam on Three Support! 
— Cnilccm Be&n fixed as one cad and supported at the other— Beum 
fixed ai bot£ eods and loaded at centre— Beams fixed at both ends and 
loaded czif cmh- — ^Tabief — Qnestkais. 

BesLstum of Beims to Flexiire.~In the previous Lectum m 
aw that the eJfect of loadin? a beam was to give rise to both 
shearing and landing. 

Prom the theory of conples set forth in Vol. L we know that 
nothing but a couple can balance a couple. The resistaooe 
which a beam odfers to bending mnst be of this natnre, and 
therefore a couple of equal magnitude to that of the applied load, 
but of opposite tendency. The tendency of the applied couple 
is to bend or curve the beam, whilst the tendency of the 
induced couple is to oppose this curving action. 

When a beam is curved the longitudinal fibres on the oonvex 
side of it are stretched beyond their normal length, and con- 
sequently they are in tension. On the concave side the fibrei 
O 




Neutral Axis 



Illustrating Flexurs of Bsams. 

are shortened, and, therefore, they are in compression. Soa*- 1 
where within the beam there must be a layer of fibres that 
neither lengthened nor shortened, and are therefore nnBUa— ^ ( 
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This layer is termed the neiUral surface of the beam, and the 
intersection of this surface with any cross-section of the beam is 
termed the neiUral aoois of that section. The neutral axis is of 
fundamental importance in the theory of beams, because it is the 
falcrnm about which both the bending and resisting couples act. 

We shall now find the position of the neutral axis of any 
given section of a beam. 

Let I be the length of a small portion of the neutral surface ; 
2' that of a parallel layer of fibres on the stretched side of the 
beam, and at a distance y, from the neutral surface. If V = I 
when the beam is straight, it is evident that the amount of 
stretch in the fibres at distance, y, from the neutral surface will 

^ I, and the strain — r— . Let p denote the radius of cur- 

vature of the neutral surface at the cross-section bisecting L 
Then the radius of curvature corresponding to 1' will he = p + y. 

Hence, ^ = 

P I' 



Or, 



y _Vj-l 



If / be the tensile stress at distance y, from the neutral axis, 
and E the modulus of elasticity of the material, we already 
know that : — 

stress g 
strain ' 

0, ^^ = E. 



Substituting — for ^-7-^, and inverting, we get : — 



K We had considered in the same way a layer of fibres at a 
^listance y', to the concave side of the neutral surfiice, and 
denoted the stress there as - /' (the minus sign indicating com- 
pi^essive stress), we should have arrived at the equation : — 

l-zl (I 
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Let a be a small element of the cross-sectional area 
distance ^, then on the one side of the neutral axia we have for 
the total resistance to tenaion : — 



(ri) 



On the other side of the neutral 
cotnpreasioti is ; — 



axis the total resistance to 



2 ay'. 



(II,) 



But these forces constitute a couple, and are therefore equal 
HencB; equating the right hand members, we have, neglecting 
E 

the common &ctor, y : — 2 ay ^tt y\ 

The neutral axis, therefore, passes through the centre of arei 
of each cross-section. If, howeverj E l>e not the same for Temile 
and Compressive stresses^ then the K.A. will not pass through 
the centre of the area, but will lie to the aide having the greater 
value of E, 

To obtain the magnitude of the resisting couple, we multiply 
the resifltanceSj a f and by their respective distances, y aud 
from the neutral axis, and sum up these products for the 
whole section. Thus, from equation (II) tlie total moment of 
resistance on the convex side of the neutral axis is : — 



I 



^a/y = 
And on the concave side : — 



The sum of these results 
Moment, R.M,, for the section. 



constitutes the total Resist* 



Hencei 



KM. ^ - ^ay' 



F 



There is now no longer any need for distinguishing between 
y and y\ since the process of summation is the same all over the 
cross-section. We, therefore, finally get : — 

- (Ill) 

The quantity ^ay% being a purely geometrical fimctioiii 
depending only on /orm Wi^w^ \a termed ate 
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Moment of Inertia, and is usually denoted by the symbol I, 
and sometimes by the product Ak^ (see Lecture XXII). 
Table II., Lecture XXII., gives the values of for most of 
the sections required in the following examples. These multi- 
plied by A will give the required values of I. 

Writing I for 2 a y^, our equations become : — 

B.M. = R.M. = — ; 

P 

A 1 M 

Or, the curvature,— = g-j (IV) 

Where M stands for either the B.M. or R.M. 
Again, from equations (I) and (I^), we get : — 

/ E M 

y~ p " ^ 

M = ^I \ (V) 

y 

Or, / = ?!, 

Formulae (IV) and (V) are the fundamental equations of the 
theory of the strength of beams and girders. In applying the 
latter equation, it must always be borne in mind that / stands 
^or either the tensile or compressive stress at any distance y, 
above or below the neutral axis. 

The greatest stress comes on the fibres farthest from the 
neutral axis, and is the principal effect to be considered in 
^I'lestions of strength. If this is amply provided for, the beam 
yillbesafe. Let V now denote the distance of the fibres farthest 
from the neutral axis : — 

The ratio - is usually denoted by Z, and is called the Modulus 
the Section.* 

*8ee Prof. Unwinds SSlements of Machine Design^ Pages 56 to 59, for a 

^ble of the moduli of sections of beams, where ^ = Also, in Seaton & 

^^onthwaite's Pocket Booh of Marine Engineering RuLea and Tables, from 
^*>ich we extracted the tables at the end of this lecture, we also find 
> I 

^ - as the modulus of the section. 
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Hence, writing Z for j we have : — 



Or. 




In applying this equation the student mnst be careful to 
remetnber that in those cmen where the section of the beam or 
girder is not symmetrical about the neutral axis, there wiH }jf 
two valneB of ^ to be taken Into account, and therefore two 
values of Z. On the whole, we think it safer to adhere to the 
general formula (V^) as being less likely to lead to confusion; &t 
the mine time, it is very convenient to use equation (VI) ii 
taking out quantities in the drawing o^ce by aid of tables since 
it rf^ilucee the work of calculation. 

ExAMFbE L — A floor joist, 12 inches deep and 3 inehei brcwd, 
baa a span of 15 feet^ and carries a uniformly distributed load of 
1 cwt per foot-run. Find the greatest intensity of stress within 
the tiruber. (H. and A. Adv. Exam., 189L) 

A}4SW£B. — -In pro hi ems involving the calculation of stress 
within the beam, the student wilJ find it best to express all 
iUmeuBions in inches^ and, therefore, bending moments in iiwh- 
ths. or inch- tons as the case may be. 

In this problem the greatest stresses will occur at the midille 
of tiie joist where the bending moment attains its maKimani 
value, which, in this case, is i — 



Max. BM 

Here, ^ 
And, J 



^ inoh-lbB. 
112 ,^ 

15 X 12 inches. 



Or, 



B.M. 
B.M. 



14 X 15 X 15 X 12 



The value of I for a rectangular section is : — 
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The greatest stress at the middle section of the joist will 
occur in the fibres farthest away from the neutral axis. Hence, 
y = 6 inches. 

Applying equation (V) we have : — 

^ B.M. 
f = "X" ^' 

U X 15 X 15 X 12 ^ ,^ 
" " ■ — 3 X 12 X 12 — ^ 525 lbs. per sq. in. 

KxAMPLE II. — A uniform beam of oak, 10 feet long, 15 inches 
deep and 10 inches wide, sustains, in addition to its own weight, 
a load of 5,000 lbs. placed at the centre. Find the greatest 
bending moment and the greatest stress in the fibres. 

The specific gravity of oak is 0-934. (S. and A. Adv. Exam., 
1894.) 

Ajvswer. — Here the greatest bending moment takes place 
at the centre of the beam and is made up of two parts : (1) that 
due to the beam's own weight which is uniformly distributed 
along its length ; and (2) that due to the 5,000 lbs. concentrated 
at its middle. 

For (1), B.M.1 ^\wJJ^ inch-lbs. 

And for (2), B.M.2 = J W L 

. Total, B.M. = J a; L2 + ^ W L inch-lbs. 

Taking the weight of a cubic inch of water as 036 lb., then 
a cubic inch of oak will weigh 0-934 x 036 = 0336 lb. 

= 0-0336 X 15 X 10 = 5 04 lbs. 

And, B.M. = J X 5-04 x (10 x 12)2 + ^ x 5^000 x (10 x 12) 

„ = 9,072 -h 150,000 = 159,072 inch-lbs. 

Here, ^ = 1^^ 10 x 15^ = ^ x 5 x 5 x 15 x 15 

And, y = J X 15 inches. 

- B.M. 159,072 , 

•^ = ^y^ ^x5x5xl5xl5 ^^^^^ 
„ = 424-1 lbs. per sq. inch. 

BxAMPLE III. — A round steel spindle 10 inches long, and helc 
at one end, revolves at the rate of 150 revolutions per minut< 
round a vertical axis, to which the axis of the spindle is paralle. 



and from which it ib ^ feet diBtant. The spindle hae a uniformly 
diitributed load, the whole revolving weight being 30 lbs, 
What sboiild be the diameter of the spindle when the safe 
working stress of the material in tension or compreasion is takei 
at 25,000 lbs. per sqnare inch 1 (S. ^ A, Hons. Exam., 189L) 

Answer* — The spindle in this problem may be likened to a 
beam fixed at one end and carrying a uniformly distributed lo^ 
The load being not the revolving weight of 30 lbs., but t^e 
centrifugal force of that weight due to its being whirled roTind 
at the rate of 150 revolutions per minute. 



Velocity of spindle, = 



150 



60 



10 ft. per sec. 



Centrifugal force, = 



_ 30 K (10 X _ 1500 X 



32 X 2 



32 



lbs. 



This force, multiplied by half the length of the spindle, gives 
us the bending moment at the fixed end of the spindle ■ — 



That is, 



1500 



32 



X inch-lba, 



If D be the diameter of the spindle in inches, then from Lecture 
XXII. we get :— 

The Moment of Inertia, I 



J. w 

And the Modulus of Section, Z = ^ = "^^^^ 



Now, /Z = ; and, / = 25,000 lbs. per sq. inch. 
25,000 X -^2'^ ^ — ^ ^ 



32 " 2 
1>3 ^ 0-3 K ^ = 0'9i248 



(.ice, 



D = ^0^942*8 = 0'98 inch. 



1 



Example IY, — The section of a cast-iron girder, and the 
maxinmm safe tensile and compressive stresses being given, 
explain how to determine its moment of resistance to bending. 
The dimensions of the section of a cast-iron girder are the 
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124" 



)llowing: — Top flange, 4 by IJ inches; bottom flange, 12 by 
inches; web, 16 by 1^ inches. Determine the moment of 
resistance, the greatest permissible tensile and compressive 
stresses being 2^ and 7^ tons per 
square inch respectively. If the girder k- - 4"--* 

be 20 feet long, and is supported at hr- 
its two ends, find the greatest safe load 1^ 
which it will carry when uniformly 
distributed along its length. (S. and 
A. Hons. Exam., 1895.) 

Answer. — As this is an excellent 
example for showing the student how 
the R.M. of a girder section is cal- \g 
culated, we shall go into the matter 

in detaiL Let the accompanying Ne utral iAxIs. 
figure represent the cross-section in 
question. 

We have first to find the position I x.-Zg" 

of the neutral axis N A, by writing 
down the sectional areas of the 
parts composing the figure, and 

taking moments about the lower 12" \ 

edge. * 
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Area of top flange = 4 x 1 J = 6 sq. in. 
„ bottom „ = 12 X If = 21 „ 
„ web = 16 X 1^ = 24 „ 



Total area of section 



= 51 



Then, since N A passes through the centre of area of tl 
section, we have : — 

51 X a?^ = 6 X 18^ + 24 X 9f + 21 X I = 363f. 



363S 



= 7i 



And 



51 

- 19i - 7i 



We calculate the value of I, the moment of inertia o^ 
section about the neutral axis, by finding that for each o 
parts into which the section is divided and taking their 
As the neutral axis does not pass through the centre of } 



those parts, we shall have to employ Proposition I, of Lecture 
XXIL, to ivhich we again refer the student. 

Remembering that the moment of inertia of a rectangtilar 
area about an axis through its centre of gravity is ; — 

(breadth) x {depth)^, we have i — 

4 X Cli)3 + 6 X 

1-125 + 776^M3- 777468. 

5-359 + 820-312 -825'67L 
lix(16)3 + 2ix(2f)2. 

„ „ =512-0+165^375-677*375, 
For whole section, I = 777 '468 + 825*671 + 677-375 = 2280*5.* 

To illustrate what we aaid abotit the moduli of nn gym metrical 
sections, we shall End both moduli for this example : — - 

For tension, = i = = 320*0, 



For top flange, It 

For bottom flange, la 

11 if II 

For web, 1^ 



For conspression, ^ ^ = T7rrrZ= X98-0* 



2280-5 
12*1*25^ 



The question gives as the greatest permifisibl© values for r— 

Tensile stre8s,/f ^ 2 5 tons per aqr. inch. 

Compressive stress, = 7-5 „ ,^ 

Since, R,M. = Z/„^^ we must take the lower of the two 
values of R.M. in fijcing the load to be carried hj the girder. 
These are : — 

Zt X = 320 X 2-5 = 800 inch-tons. 

And, Z, X = 188 x 7*5 = 1410 inch-tons. 

B.M, - E.M. - 800 inch-tons, 

* Another and rather shorter method of findbg I for thia form of eeatiou 
is to (1) produce the yides of top and bottom tlajigea to meet the neutml 
aiiBN A, (2) mkulatc the momenta of inertia of the two fuU rectaualea 
thus formed, (S) uubtraet from their sum the momenta of inertia of the four 
rectangular areas which are in eiceaa of the aeotion of the beam. All these 
momenta may be found by the formula 1 - tNr B *^ l*^t whi«h will only 
require to bo uaed four ttmaa aa the blauk rectasglea on eaeh lide of the 
web are equal in paira. 



WROUGHT IRON GIRDERS. 303 

The girder will, therefore, safely carry a uniformly distributed 
load, given by the equation : — 

^ L2 = 800. 
^^-I- -10^ = 261 tons. 

This will make the maximum compressive stress 

800 ^ ^ 

Jc max. 138 wv«o, 

instead of 7*5 as given; showing that the girder is not well 
designed. 

In a properly proportioned section we should have : — 

Thin Wrought-Iron Girders. — In the case of wrought-iron 
girders -where the flanges are thin compared with their distance 
apart, and where the bending resistance of the web is disre- 
garded as a provision against the shearing force acting at the 
section, the formulse for the moment of resistance are very simple. 

Let = Area of flange in tension. 
,, A^ = Area of flange in compression. 
„ H = Distance between centres of flanges. 
„ = Mean stress in tension flange. 
„ yj. = Mean stress in compression flange. 

I>istance between centre of tension flange and the neutral 
axis is : — 

and the distance between centre of compression flange and the 
neutral axis is : — 

The moment of inertia of the flanges, with respect to the 
neutral axis, is : — 



304 



LECTURE XXin, 



Or, I 

Since, / 



Heace, 
Similarly, 



M 



M 



A, ^ H 



Example V, — A w rough t-iron riveted girder of I section Jias 
a top flange of 9 square iuchea in sectional area, and a bottom 
flange of 8 s(jaare inches. The diataoce between the centrei 
of gravity of the flanges is 12 inches, and the ends of the 
beam rest on abutments, 16 feet apart. The girder being loaded 
uniformly with a load equal to 1 ton per liueal foot (including 
the weight of the beam). What would be the mean stress per 
square inch on the metal in each flange at the dangerous section! 
The resistance of the web to bending is neglected. {S. ^Ss A. 
Hons. Exam., 1892.) 

Answer.— By dangerous section" is here meaDt the middle 
section of the girder, where the maximum bending momen.'fc 
occurs. (Sea equation (XI„) of Lecture XXXI.) 

Max. B,M. =^(J^ X (16 ^ l^f = 32 ^ 12 inch-tons, 

Hence^ mean stress in tension flange, 
32 X 12 

And, mean stress in conipression flange, 
32 X 12 



9 i< 12 



3 55 tons per square inch. 



Curvature and Deflection of Beams.— When we speak of th 
curvature or the deflection of a beam we mean that of it 
neutral surface, 
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If the beam is fixed at one end, we take the origin of eo- 
^rdiiiatea at that end ; but if supported or fixed ajmmetrically 
%t both ends, we take it at the middle. 
Let the co-ordinates of the neutral surface curve be denoted, 
usual, by x and then the deflection of the beam at any 
listance from the origin will be measured by y and the 

Tent of its inclination to the horizon by 

The ecKnation of the cur^e into which the beam is bent will 

tiere is a function of to be determined for each 

articular case. 

In treatises on the analytical geometry of plane curves it is 
tiown that the general expression for radius of curvature is : — 



dy 



Although of great ituportance, in the theory of beams ^ 

''always such a em all fraction, that its square becomes a perfectly 
negligible quantity in comparison with unity. Wo may, there- 

fd v\ ^ 

Jfore^ safely disregard the value of (3^! ^ "the above formula, 
d^y 1 



and write 



But by equation (IV) of this Lecture we know that : 



El' 



dx^ E I' 



<YIII) 



In what follows we shall assume that the beam or girder is of 
uniform section so that I is constant, the more general cases 
j where I varies being rather beyond the scope of this treatise. 
I We shall begin by working out the following example, which 
will form a good introduction to this rather mathematical part 
, of our subject. 

Example VI,— In vestigate a formula for calculating the amount 
PPIbf deflection of a beam supported at its ends and loaded uni- 
formly. Find the deflection in a beam of timber of uniform 
rectan^d/ir section, 6 inches wide and 1^ inGYLea 



306 



LECTURE XXXII. 



being supported at its ends in a horizontal positioa on two wiallB 
12 feet apart» There ia to be taken into acconnt a single con 
centratf^d load of 4,000 lbs. at the centre^ and a uniforiDly dis- 
tributed load of 2,500 lbs., the modulus of elasticity being 
1,750,000 lbs, per square inch- (S. <k A. Hons. Exam., 189L) 

Answer. — Taking the middle of the beam as the origin of 
co-ordinates J we have already proved {see equation (XI) in Lecture 
XXXI.) that the bending moment at :c inches from this point, in 
the case of a beam L inches between supports, and loaded 
uniformly with w lbs. per inch-run, is i — 

= i w {} U - ^) inch-lbs. 

Substituting this in formula (Till) we get — 

da>» 2EI ^* 

Kow, multiplying both aides by dx, and integrating, wa 
have : — 



Or, 



dy 



This needs no correction because ~ = 0, when x = 0. 

dx 

Integrating a second time, w« get : — 



I 



Or, 



(IX) 



This also requires no correctiouj as a; and y vanish together, 
Now, let denote the deflection of the beam for the distri- 
buted load : — 

^1 ^ Vr when x= \ 



Or, 



6u;L* 



^ 384EI 



inches . (X) 



In the case of a beam carrying a single load of W lbs. at iti 
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middle point, the bending moment due to that loar] at x inches 
from the middle point (Equation (VII) Lecture XXXI.) is : — 

B.M. = J W (iL - a) inch-lbs. 
The first integration of this equation gives : — 
And the second integration : — 

y = ^(i^x'-U') (XI) 

If A2 be the total deflection in this case, then A2 is the value 
of y when aj = J L. 

= ^{^^(^^^)' - him'}- 

Or, A, = ^|:i inches. (XII) 

If the beam carry both loads at the same time, as given in 
the question, then the total deflection due to the two loads 
will be : — 

A = + Ag. 

_ 5 wL* WL3 
^ " 384EI 48 ET 

The numerical data given are : — 
L = 12 X 12 inches. 
I = ^^bd^ = ^x6xl2» = 6x 122. 
W = 4,000 lbs. 
w L = 2,500. 
And, E = 1,750,000. 

^ = 48 X li50,00o?6 . 12-^ ^ ^,500 + 4.000; 
A » 0-2288 inches. 
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ITuiibrin Beam on Three Supports, — Suppose we are gi^en a 
uniform beam resting on three supports adl on the same levels 
to fiml the pressure on the middle support, 

It is clear ti)at if the middle support were taken away, the 
weight of the beam would cause it to bend down at the middle 
[aa found above by eq^uation (X) j through a distance 

5wU 



384 EI 



inches. 



We have also seen hj equation (XII) that a single concentrated 
load of W lbs. applied at the middle of the beam would produce 

an amount of deflection, = tstttTt inches. 

This gives tig the upward deflection caused hj the reaction of 
the central support if we put its value, P, instead of W in the 
equation. 

The total deflection will be zero if all three supports are oa 
the same level, 

' 48El" 384 Er 

Or, P = |wL, 

The pressure on the middle support is thus seen to be f of thfl 
weight of the beam ; whilst the end supports each carry i\ of 
the weight, 

Unifona Beam Fised at one End and Supported at the other.— 
If to be the weight of the beam in !ba. per inch-run and L its 
length in inches, then, we already know that at x inches from 
the fixed end, the 

-B.M. = Jw(L - inch-lbs. 
Putting thia value of the B.M. in equation (VIII), we get; — 

to f 

And, y = 2g^/{L2!B - Lajs + ^a:3}da! 




BEAM FIXED AT END. 



This last equation gives the droop of the beam at anjr dietance 
from the fixed end. At the free end let Aj be the value of y 
?^hen X = Lt. 



Then, 



8E 



J mches (XIY) 



Let P he the upward pressure in lbs., between the beam and 
support placed under its free end. The bending moment, due 
Pj at X inches from the fixed end is P{L — x) inch-lbs* 
[ence, the curvature produced by P will be 



dx 



P r P 

And, y = ^-jf{Lx - dx ^ ~{h ^ ^ * (XY) 

When a: = L, let y = A,^, 

Ag = inches (XYI) 

If A^ ^ A-^j the supported end will be raised to the same 
level m the fixed end. 

Then, 



Or, 



3 E I " 8 E I 



P = I ?^ L lbs. 



Tins result aliows that the pressure on the prop is equal to f 
cjf the weight of the beam. 

It will be instructive for the student to observe that this 
^result might easily have been inferred from the previous case of 
B, beam resting on three props. 

In that case the part of the beam immediately over the middle 
support is in exactly the same condition as the fixed end of the 
beam in this case ; a o that whatever ii true of each half of the 
beam in the former case will here hold good for the whole beam. 
Tbe pressure on the eod supports is, therefore, identical in mag- 
nitude in each case ; because of the weight of the whole beam 
is the same thing as ^ of the weight of each half. 

Beam Fixed at Both Ends and Loaded at the Centre. — ^When a 
beam is fixed, or built horizontally into a wall at both enda^tAi^ 
fixing can5e5S m bending moment which is oona^atktj liJiV ns^^^ ^dsssi 
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beam. For the reaction of tlie left support in keeping tlie beam 
horizontal ia erjuivalent to a force P, acting downwards at some 
distance /, to the left of that support^ and an upward fnrct P* 
at the siipiiort. The bending moment at the support is tben :— 

M, = F >c I 

And^ at anj other point, of the beam, at a distance^ z (h 
than half the span from the support), the B.M, caused by 
reaction at the support is : — 

Oonaequentlj, the fixing at the ends causes a oonAtant B.Mh 
all over the beam, equal to that at the suppoi-ts, in addition to 
that caused by the load (but in tlte opposite direction^ 




Z - -> 




— > 



l<---^> L------->M 

Bkah Fixed at Ends and Loadkd at Csnts-k, 

Taking our origin of co-ordinates at C, the centre, and tk 
undeflected axis^ or neutral line of the beam, as our axis of 
we bave, at a section D, distant a; from C : — 

Hence, from eqn, ) d^y 1 - ^ 

(VIII), ; ^ = ET^ - ^) - M, } 

4| = ^{iW(L.-.^)-M..} 

The beam is horizontal at the centre and at the ends, therefOT* 
3^ is zero when x is zero, and when x — ^L. 




Or, 



BEAM FIXED AT BOTH ENDS. 
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Inserting this value in the above equation for the £.M. we 

B.M. = JW(|L-a:)-iWL 
Or, B.M. = ^W^L - jr) .... (XVII) 

At the centre, B.M. = . = L = 

Maximmn B.M. = = JWL (XVIII) 




B.M. DiAOBAM roK Beak Fixed at Ends and Loaded at Centre. 

We thus see that, in this case the fixing of the ends reduces 
the maximum B.M. to half what it would be with free ends, and 
tbt this maximum B.M. occurs both at the centre and the 
ends. 

The B.M. diagram is similar to what we had for a beam 
simply supported, but the base line is shifted half way down the 
<^ram, so that it is crossed at F and G by the lines representing 
the B.M. It will be seen from equation (XVII) that the B.M. 
18 zero where a? = J L, and that it is positive on one side of this 
point, and negative on the other. This is one of the points 
^here the B.M. curve cuts the base line, and it is called a point 

inflection, because the beam is straight just at that point and 
the curvature changes sign. There is, of course, another point 
of inflection at the distance J L on the other side of the centre. 

In large girder bridges that part of the span between the two 
points of inflection is made separate from the remainder and 
rests on rollers at these points. This allows freedom of expan- 
sion without reducing the strength of the bridge. 

Integrating the value of ^ we get : — 
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Therei^ore, at the ends, where x = J L : — 

^ ^ EI i i ^ ( 6 ' 24 j ^ 4 r ^ WEI^ 

Hence^ the difference of level between the centre and the ends 



WL3 
192Ef ^ 



(xrx) 



This is only one-fourth of the deflection when the beam 
fliraplj rested on ita supports (Equation XII), no that the hem 
ia now tour times as stiff. 

Beani Fked at Both Ends and Loaded Uniformly.— Tatmg 
axes as before, the B.M* at any section, D, is : — 

= (I L ^ a:) - i w (I L - - M,, 

Or, B.M. - i «rL (i L - JK) - (I - Lar + ic2) - Mi 




■ — 3C — 

^ _ — L 

Beau Ftxzd at both ^stm and Lo adsd Unifohmlt* 
In this case also, -j^ is zero when x is zero, and when m—^h 

Cv X 



Or, 



M. 



= J «> O (i - - J M, L. 
12 ~ 12 ■ 



Hence, BM. = - at^) ^ L». 

Or, B.M. = i uf {Jj - ;f^). . . . 

At the centre, whero x = 0, the B.M. is : — 
irl? WL 
2i 24 



(XX) 



UNIFORM BKAM FIXED AT ENDS. 
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This is only half of that at the support. Hence, the greatest 
bending moment occurs at the support, and its value is : — 

Maximum B.M. = ^ a; L« = W L. . . (XXI) 




B.M. Diagram for Beam Fixed at both £nds and 
Loaded Uniformly. 

The points of inflection occur where ai^ = L* or a5= ± ^ 
% integrating the above value of : — 



2ar*). 



I^utting 05 = ^ we obtain the amount by which the centre of 
*he beam is deflected by the load, viz. : — 

48 EI V 4 " Sy " 384EI 384EI ' ' (^^^^) 

^e thus see that, by fixing the ends horizontally for this 
banner of loading, the strength of the beam is increased in the 
^tio 3 : 2, and its stiflhess in the ratio 5:1. 

When the span of the beam is small, it may be designed 
wholly from considerations of strength ; but when the span is 
great a beam may be strong enough, and yet not suitable, 
I)ecause it yields too much when the load is put on it. It then 
becomes necessary to take the stiflhess into account by using 
one of the formulse we have found for the deflection. The 
greatest deflection usually allowed in beams is 1 inch in 100 
feet, or Y^JTU span. 

In the tables below we give a summary of these results, 
showing the delation between them. 
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The quantities in the sixth coin ran are obtained by suhatitutr 
ing the value of the maxiraura B.M. giveu by the third oolum^ 
iu the fifth, and for thoae in the eeventh we have put the valuB 

of M ^viz,, —J found in equation (Y), 

We also print for reference* a table of the strengths 
materials and of the moduli of different sections. 



* From Seaton & Koimth waiters Pocket Booh of Marine £higi7i€er£'^^ 
EtiJes tind TfsUu^ which may be consnlted for other cases of beatoa; 
UiiwiD's Machine Deeign^ Fart I» 



TABLES. SIT 



Stbbngths, &c., of Matbeials (Summary). 



Material. 



Cast-iron (ordiniary good) 

„ (Admiralty), 

Wrought-iron bars (or- 
dinary good), 
Yorkshire plate — 

With grain, 

Across ,, 
Staffordshire plate- 

With grain. 

Across ,, 
Iron forgings— 

Large, 

Small, . 
Steel castings (ordinary 
good), 

Steel castings (Admiralty) 

„ (Lloyd's), . 

Steel boiler plate — 
(Ordinary good), 

(Admiralty) internal, 

,, shell, . 

(B. of T.) internal, . 
,, shell, 

Lloyd's, . 



Steel forgings (Admiralty) 

Sheet copper. 

Copper wire (annealed). 

Gun - metal (ordinary 

good). 
Gun-metal (Admiralty), 
Phosphor bronze (cast). 
Manganese bronze ,, . 

„ (rolled), 
Mnntz metal, 
Naval brass, . 



Ultimate 
Tensile Strength, 
lbs. per 
square inch. 



18,000 
not less than \ 
20,160 j 

54,000 

54,000 
49,000 

50,000 
41,000 

45,000 
50,000 

67,000 
not less 
than 
63.000 

{not exceeding! 
67,000 J 

65,000 
/ not exceeding \ 
t 60,480 J 

60,480-67,200 

58,240-67,200 
60,480-71,680 

58,240-67,200 

62,720-78,400 

30,000 
40,000 

27,000 
31,000 
35,000 
55,000 
67,000 
50,000 
54,000 



Elastic 
Strength, 
lbs. per 
square inch. 



11,000 

29,000 
26,000 

24,000 



35,000 



36,000 



not less 
than 
31,360 



r 34,500 to 
L 43,120 
5,600 



6,500 
19,000 



.30,000 
24,000 



Elongation 
per cent., 
when broken by 
Tensile Stress. 



15% in 8 ins. 

20% 

13 7c 

10 7o „ 

( not less than 

{ in 2 ins. 

{not less than 
10 7^ in 8 ins. 

20 7o „ 
20 7o » 



18 7, in 10 ins. 
not less than 
207, in 8 ins. 
28 7, to 24 7 ) 
in 2 ins. ( 
35 7o in 8 ins. 



10 7, in 2 ins. 

12 7„ in 2 ins. 

10 7o 

20 7o M 
30 7o 

25 7o in 8 ins. 



MODULI OF BEAM SECTIONS. 
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LlCTCJKE XXXII.— QtTESTlONS. 

1. A wroughl-iron flanged girder is required to stipport a travelling 
of 50 touB, the distnncG between the Bupporta being 40 feet. The sttm 
comes upon the girder at two points, the wheels on the traveller beuif 
10 feet apart. What sectton of girder will be required to afford the 
necessary strength , presuming that the ultimate strength of the girder » 
six times that of the greatest stress to which it will be subjected 2 

2. Prove the law which governa the transverse strength of a beam of 
timber frhen supported at both ends and loaded at the centre. How ait 
the constants required for applying this law arrived at ? 

3. A bar of wocd^ 7 feet long and 2 inches square, is supported at ho^ 
ends, and is broken by a weight of 500 lbs. suspended at the (^atrCr 
What weight in pounds will a rectangular bar of the same material, mp- 
ported and londed iu like Tnauuer, ejtiBtain^ when its length i& 8 i^t, it* 
breadth 2^ inqbes, and its depth 4 inches? Anii, 2187 '5 Ids. 

4. A rectangular beam of fir, of uniform section throughout, is supported 
horizontally on two walls 15 feet apart, and lias to carry a load of 1| tooB 
at 5 feet from one of the walls. The width of the beam is d inches; Hud 
its depth t taking the breaking load at four times the «afe lo&d. H)^^ 
much should the depth of the beam be increase d^ the breadth remsiiiui^ 
constant], if the load were shifted from its original position to the cmtr^ 
of the beam, the breaking weight of a beam of fir 15 inches lon^, 1 in*?^ 
broad „ and 1 ineh deepi supported at both ends and loaded in the npiddl^ 
being taken at 3C0 lbs. ? Ans. 8 9 inches ; J iDch. 

5* A solid rectangular girder, 3 inches deep said 2 inches broad, ia sap- 
ported at both ends on supports 5 feet apart. It is loaded with a unifeTinly 
distributed load, including its own weight, of 10 cwts, per foot run. What 
is the maximum intensity of stress at the outer fibres ? 

tl. If two cast' iron beams -one circular In section and 2'73 inchei 
dirtiTieter, the other of rectangular Hection^ 3 inches broad and 2 iiitli** 
do* ^1 hv each supported at two points W inches apart^ and loaded &t the 
tiHitrt^ \¥itii a load of 2 tons ; what will be the maximum intensity of stre^ 
pi-od uoed in each case ? 

7. A beam of fir is built into a wall at one end, and projects 6 feet ^ro^ 
the wftlL The width of the beam ia 4 inches ; find its depth to bear saf»^7 
ft load of 1,200 lbs. uniformly distributed along its length* Assume tW * 
hv^t of llr 1 foot long, I inch broad, and 1 inch deep, will break under J 
loavl of 125 lbs. when fixed at one end and loaded at the other end^ 
that the safe load is | the breaking load. Am. 6 inches. 

5. What must be the breadth in inches of an oak cantilever orovsf" 
hanging beam* G feet long and inches deep, in order to (jarry a load of 1 
tvin At Its ejttremity, and how much muat its breadth be increased tu ordef 
(hat it mav carry an additional load of ^ ton uniformly distributed over i^ 
leiigth y llieactusl stresg is not to exceed ^ of the breaking stress* and 
Iht* breaking weight of an oak cantilever 6 inches long, 1 inch deep, and I 
ilwh broad, is 2S0 lbs. Arui. 2 37 inches ; I'lS inches. 

i>» A beam of tir supported at each end is inclined at an angle of 60* tft 
ih» bori^soo, and is loaded at the centre of its leogth with a weight of 1 
Um* The length of the beam is 10 feet, and its breadth is 2 incbesi fin^ 
d§|»th ; the breaking load on the centre of a beam I foot long, 1 inch 
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3ad, and 1 inch deep, and supported at the ends in a horizontal position, 
ing 450 lbs. Ans. 3*527 inches. 

10. A cast-iron cantilever or overhanging beam of T-section is 6 feet long, 
id 9 inches deep, the top flange beinff 6 inches wide. The beam has to 
irry, with safety, at its end a load of 1 ton, together with a distributed 
»ad of 1 ton over its length. Find the thickness of the top flange, the 
ensile breaking strength of cast iron being 8 tons per sqaare inch, and the 
admissible load for a safe stress being one-fourth tne breaking load. 
ins. 1 inch. 

11. Find the greatest load that may be uniformly distributed on a cast- 
iron girder having top and bottom flanges united by a web of the following 
dimensions— width of upper flange 3 inches, of lower flange 9 inches, total 
depth 12 inches, thickne&s of each flange and of the web being 1 inch, 
distance between the points of support 10 feet — when the greatest 
admissible stress in the compression flange is 3 tons per square inch, and 
that in the tension flange is 1 tons per square inch. Ans. 9 '9 tons. 

12. Make a diagram of a flanged cast-iron girder to carry a load of 12 
tons in the centre, the distance between the points of support being 20 
feet. What should you make the depth of the beam, and what should be 
the sectional area of the top and bottom flanges respectively ? 

13. A rolled steel girder has a mean depth of 10 inches, the top and 
bottom flanges are each 6 inches wide, and the metal in the flanges and webs 
is i inch in thickness throughout. If the breaking strength of the material 
be taken as 40 tons to the square inch of section for both tension and 
compression, then (using 4 as a factor for safety) what would be the 
maximum safe load uniformly distributed over such a girder, supposing it 
to he supported at each end, the supports being 12 feet apart ? Also make 
A diagram showing the distribution of the shearing stress in the middle 
transverse section. (S. & A. Hons. Exam., 1890.) 

14. A rectangular beam of timber is supported at both ends, and loaded 
V & weight in the centre^ Make the necessa^ calculation for measuring 
the strength of the beam to resist breaking. For a bar of larch 6 feet long 
^ 2 inches square, supported as above, the breaking weight ia 615 lbs.; 
taking this datum, you are required to solve the following question : — A 
cistern containing 2 tons of water rests on two cantilevers of larch, each 4 
^6et long and 5 inches in depth ; find the breadth of each cantilever. Ans, 
1*85 inches. 

lo. A cast-iron beam of rectangular section, and having its lowest side 
horizontal, is supported at both ends. What difference should you make 
^ the upper outline according as the load is evenly distributed or collected 

the centre ? 

16. A beam will safely carry a stationary load of 5 tons with a deflection 
of 2 inches, from what height may a weight of 200 lbs. be let drop upon the 
"ftnie beam without deflecting it to a greater extent? (S. & A. Exam., 
1887.) Ans. 56 inches. 

17. A steady load of 10 tons, suspended at the centre of a beam, deflects 
it throagh | inch. From what height would a weight of 300 lbs. require to 
&U in order to produce a like deflection when dropping on the beam ? (S. 
ft A. Exam., 1891.) Ans. 227 inches. 

18. A cylindrical iron beam is 15 inches in its external diameter, and the 
iDetal is 1^ inches in thickness. The beam is fixed at the two ends, and is 
35 feet between the supports ; find the greatest load uniformly distributed 
that the beam will bear, the greatest safe stress on the metal being 9,000 
Ihi. per square inch. (S. & A. Hons. Exam., 1894.) 

19. Compare the resistance to bending of a wrought-iron I section beam 

21 
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^^m<fl^lieii the beam k placed like this I, aod Mke thm The Hanger of 
^^PrvmcD are each 6 iiiohea wide mid 1 inch thick, &ud the web ia f inch tHid 
and meaaures S inchea between the €^ngee, (Adv. & A. Exam., IS37>! 

120, A horixontal bar of roimd iron^ I inch dinmeteri 6 feet long, hu 
at the ends, is subjected to eqiuil and opposite pushing forces of l;CKXk Iba 
at its eDda, and a load of 10 lbs. is bong at tbe middle so that it ia both \ 
beam and a strut. Find the greatest stress anywhere. E — 29 :< lO' lb 
per square incb. (S. & A. Hons. Exam,, 1S97.) 

21, Draw the bending moment diagrains, and state tbe maximuni 
ing moments for the six standard cases of loading and supporting a beaa 

^ of the same length, same toad. (1) Fixed at one end, loaded at the otbec 
(2) Fixed at one endt loaded uniformly, (3) Supported at the endst loado 
in the middle, (41 Supported at the ends, loaded uniformly. (5) Fixo 
at tbe enda, loaded in tbc middle. (6) Fixed at the ends, loaded tiniformliJ 
(Adv, S, & A, Exam., 1897,) 

22, A nniform beam ia fixed at its ends, which are 20 ft, apart. A load i 
5 tons in the middle ] loads of 2 tons each at 5 ft. from tbe enda. Find th 
diagram of bending momecjt and prove your rule. State what the maximna 
bending moment is^ and where are the points of inflexion, (Hons. S, & ^ 
Exam., 1897.) 
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The following is a list of books on the Strength of Materials : — ' 

Experimented Engineerijig, by Rolla C, CartJenter, C,E. (Chapman & 
Hall, London, 18Q5,) 

i heory of StructttrtJi and Strtngth of Mat^riedat by Henry T, Bovey, 
M. A„ D. C, L, (John Wiley & Sons, New York, ) 

Tk^ Practical SircTigth of Beams. Paper by R Baker. (Proo. Inat, C.E.j 
vol, Ixii,, p. 2^.) 

Mechanised Engineering MalerialSf by E, C, R, M&tka, (Technical Pub- 
lishing Co., Manchester,) 

Strength and Proper ties of Materialji. by W. G, Kirkcaldy, London, 

Strength and Determination of the Dimensiom of Structures of Iron and 
Steel, by J, J. Weyraueh, translated by A J, Da Bois, (New York, 1891,) 

Strength of J\faieri(d» and Structures, by Sir J, Anderson, (Lonjrmanit 
Gre«ii& Co., 1892.) s * 
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Co NTEETTS.— Labour 'Saving Appliances in Modern Gas Works — FiuB 
Engines ami Accnmulator — ^ Example I. — Diflercntial Accnmtil" 
Brown 'a Steam Aecamulator— Sto3.U Hydraulic Accumulator PI 
Arrol-Fonlis' Gaa Retort Charging Machine— Foul is* Withdm 
Machine for Gas Retorts — Reaulfca of Working— Questions. 

Labour- Saving Appliances in Modern Gas Works.* — In ft^ 
industry have the conditions of labour undergone more radi<^l 
aud rapid changes than in large modern gasworks. VatS- 
recently, the co^d was emptied by hand from railway waggons off 
from carta at the most convenient position for the retort beachea- 
If the lumps of coal were too Itirgej they were broken ap by 
manoal labour, and the retorts were charged, as well as dis- 
charged, by hand. The surplus coke, beyond what was required 
for the furnaces, was qnenclied, wheeled into a yard, and ther^ 
screened and filled into carts or waggons, all by hand labour. 

In modernised works, the coal is usually delivered direct from 
the railway truck into the li upper of the inechanicalIy-dnTei> 
coal breaker. After passing through this machine, it is rfusad 
by an elevator to a large hopper, which ia so fixed that the coil 
can be automatically delivered into the hopper of any of the 
charging machines. The charging of the retorts is then per^ 
formed by moans of a hydraulic charging mjvcbine more evenly 
and otherwise better than by hand. After carboniRation, the 
coke is withdrawn from the retoii^s by a hydraulic drawing 
machine. These two operations now entail a minimnoi of laViotu" 
and inconyenience from heat to the attendants. The surptys- 
coke, guided in its descent by shoots, falls into a bogie under- 

* I am indebted to Mr. Andrew S. Biggart, of Sir William Arrol k Oo^t 
Ltd., Glasgow, for the drawings from whioh the three electros of thfl 
General AiTatjgeraent, Charging, and Drawiog Machines were made I am 
alio indebted for the information contained in Mr* Biggart's paper whict^ 
he read before the 1^95 Olaagow meeting of the Inatitutioa of MeehnnicaL 
Engineers, as well as to Mr. Foolis, the General Manager of the GIm^W 
Corporation Gaa Trust, for showing me the whole of the plant in operation. 
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_%atli tbe floor, and is run ou t to the yard by small locomotiTea. 
In some instances eonveyora, which are placed underneath the 
stage floor, carry the coke to circular revolving screens, whence 
it is delivered into large storage hoppers, railway waggons, or 
\iasts for Binall consumers* 

The old methods involved continuous and repeated operations 
'performed by hand; while the new are such that no hand labour 
ifl employed in dealing with the coal from the time it leaves the 
railway truck iiutil it arrives there agaia in the form f'f coke, 
nd labour is thus entirely superseded hy mechanical power, to 
e great advantage of both the labourer and the employer, 
e number of men required in the retort house under the new 
stem is less than half that required under the old method, 
e saving which this represents^ after allowing for maintenance 
plant and interest on additional capital, will average about 
e a hilling per ton. 

Pumping Engines Emd AccnmulatOT,— The general arrangement 
this portion of the plant is ill^istrated by the following side 
eiration and plan. The steam engine and pumps are situated 
tlier ia the main engine room of the gasworks or in a con- 
nient house not far removed from the steam boilers ; while the 
umiilator may be placed in an aimexj where there is plenty of 
^ room for the guide timbers. From what was said about 
6 constrnction and action of the Armstrong accumulator in 
ure XX. of author's Elmnentary Manual on Applied 
'ichanicSf and by carefully comparing the present figures with 
e iadex to parts (which has been tabulated in nearly the 
act sequence of the operations) the student will have no 
■Realty in understanding the generating plant which serves to 
pply hydraulic power to the charging and drawing machines 
the retort houses. 

The steam engine drives the rams R of the pumps P direct 
from a back extension of the piston-rods. From the pumps the 
vater is forced into the accumulator cylinder AG at such a 
pressure that, acting on the accumulator ram^ it is capable of 
lifting the heavy dead-weight bolted to the upper end. This 
eight is provided with guide arms G A, bearing upon planed 
mn rails fixed to the vertical guide timbers Q T, When the 
guide arms have reached a certain height, the one at the right 
haud begins to lift a weight attached to a chain on the 
^ei^hted lever of the throttle valve T V. During the remainder 
of the ascent of the accumulator the automatic starting chain 
A 8 is slackened until the throttle valve is closed, and the 
engine is stopped before the guide arms reach the cross beam, 
which connects the upper ends of the guide timbers. Should 
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the chain stick, or anything fail about this automatic system of 
stopping the engine, then a second chain, which connects tJji 
weight at the end of the relief valve H V to the counterpoise Isall 
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Index to Parts. 



S for Steam Pip«. 



SV „ Stap Valve. 

T V „ Throttle Valve. 

AS „ Automatic Starting and 

Stopping Apparatus. 

SC Steam Cylinder, 

E „ Eihauat Pip©, 

G „ Governor, 

rW „ Flywheel. 

SP „ Saotion Pipe, 



V C for Valve Chest for Pmnps. 

Jii, J, Hamfi. 

P „ Pompe. 

RV „ Relief Valve, 

A C i j Accumulator Cylinder* 

DP „ Delivery Pipe. 

GA Guide Arms. 

GT „ Guide Timbers. 

LC Load Caaing. 

RT „ Roof Tie-Rods. 
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ttached to the chain A S, is tightened np just before the guide 
rms reach the uppermost limit of their traveL* Tbia action 
leaees the downward pressure on the relief valve, and permits 
uflScient water to escape to prevent any further elevation of 
he accumulator ram. The governor G now prevents the engine 
om racitig. When water ia used by any of the hydraulic 
achines it fiows to them from the accumulator cylinder through 
he delivery pipe I>P, This allows the accumulator ram and 
eight to sink until the ball attached to A S re-aaaerts its pull 
n the throttle valve, and, automatically opening it, starts the 
ngine. 

It is evident that if a set of engines and pumps were devoted 
the direct supply of high-preasure water to several machines, 
heir output would have to be equal to the greatest require- 
ents of the plant at any instant ; but by the introduction of 
e accumulator and its automatic starting and stopping gear 
we have a simple means of ensuring a constant supply of water 
t the desired pressure with a smaller engine. 
An accumulator, therefore, performs several very important 
nctions in a most efficient manner : — 

(1) It acts as a reservoir for the storage of energy. 

(2) It acts as a regulator of pressure. 

{3) It acts like a flywheel in taking up and giving out power 
irect sympathy with the immediate wants of supply and demand. 

(4) It acts as an elastic buffer, and prevents the breakage of 
joints, ike. 

(5) It automatically controls the motive power. 

The efficiency of an accumulator has been proved to be as high 
as 98 per cent., only 1 per cent, being lost through friction in 
charging, and I per cent, in discharging it, as tested by pressure 
gauges on the supply and di.s charge pipes. Its total store of 
energy is, however, comparatively small, since it is only equal to 
the potential energy of the weight raised. Hence, if W lbs. be the 
total weight raised in the accumulator, and H feet the difference 
of height between its highest and lowest positions, we have: — 



Energy Stored in 
Accumulator 



Hft.-lbs.= 



WH 

33,000 X 60 



KE-hourB.t (I) 



* Another arrange Qient is to paaa this second vertical chain through a 
hole in a projecting plate fixed to the right-hand gtiide arm G and then 
attach its upper end to the top eross heam. If the aecnmnla^tor should rise 
too high, then the plate eatches ao enlarged portion of the chain and opens 
the relief valves. 

+ One horao-power = 33jO0O ft»-lhs, of work peT mtwoAfe, Vtwua^^ W^^ix^^- 
power hoar is 33,000x60 or 1, 980,000 ft. ^Ibs, 
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Example I. — The accumulators used in connection with the 
ydraulic power supply in Glasgow are 18 inches in diameter, 
nd have a free lift of 23 feet. The total load on each is 127 
^ns. Find the pressure of the water and the maximum energy 
stored in each accumulator, neglecting friction. 

Answer. — 

W 

Pressure of water = jp = 



A* 

127 X 2,240 



= 1,120 lbs. per sq. in. 



•7854 X 18 X 18 
Energy stored = WH = 127 x 2,240 x 23. 

„ = 6,543,000 ft.-lbs., 'or 3-3 H.P.-honr8. 



Indrx to Parts. 

I P for Inlet Pipe from pump. 

R Ram of accumulator. 

BL Brass Liner on lower part of K. 

CP Central and Cross Passages for water. 

C ,, Cylinder. 

ASi, A S2 Annular Spaces from top and bottom of cylinder. 

61, 63 „ Glands (top and hottom). 

LG „ Leather Cup Packings. 

W „ Weights. 

VVB „ Wooden Blocks. 

B „ Bracket (at top). 

EB „ End Bearing. 



It will be seen from this example how small the total store of 
energy is, and that accumulators would be quite useless to 
maintain the supply for any length of time. One of the real 
advantages of the accumulator arises from the fact that we may 
use its energy for a very short time at a high rate. For instance, 
although the accumulator in the above example is only capable 
of maintaining 3*3 H.P. for a whole hour, it could exert 19*8 
H.P. for ten minutes, or 198 H.P. for one minute. 

IMerential Accumulator. — Although it has only been found 
necessary to employ a water pressure of 400 lbs. per square inch 
in the charging and drawing machines for gas retorts, which we 
▼ill describe later on, and, further, since it is advisable with 
tliem to have a considerable volume of water in the accumulators 
wben many machines have to be worked simultaneously, yet it 
VftT not be out of place to describe here the differential accumu- 
atigned by Mr. Tweddell for his smaller kinds of hydraulic 
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took, since there may be cases in which space and compactness 
are of consideffipble importance. From the foregoing elevation 
and enlarged vertical section it will be seen that th^ ram ^ 
consists of a vertical fixetl abaft secured at the top by a bracket 
B, and at the bottom by a footatep^ The lower half of thi® 
shaft is of larger diameter than its upper halfj a brass liner 3 1^ 
being shrunk on the former part. Moreover, this lower portion 
of the ram has a central passage CP drilled axially along- 
with a cross jjassage jiist above the upper end of the brass liix^'r- 
Throut^h these passages water ia admitted from the inlet pip^ 
I P, which 18 connected directly to the force pumps. This wa^ter 
finds its way into au annular space A S^, A S.^, which is t>1i^ 
clearance between the outside of the brass liner and the inx^^^ 
bore of the heavy press or cylinder Surrounding the outsi^^ 
of the cylinder are placed a number of cast-iron or lead weigJ**'^ 
W which fit into each other, and form the dead load along w i*^ 
the weight of the cylinder. At the top and the bottom of tJj^ 
cylinder there are suitable glands Gj and contaiidiig th^ 
usual leather cnp packings L C. When the machine ia idle 
bottom flange of the cylinder rests upon wooden beams W 
It will now be readily understood that the effective area of th^ 
ram is only the difference between the ltosh areas of the brass 
liner E Jj and the upper part of the ram R, instead of the whole 
area of the ram as in the previous case. Hence, a very great 
pressure may be obtained from a small w^eight. For example, 
should the annular area representing the diflfereoce in size 
between the brass liner and the upper part of the iron ram be 5 
square inches, and the total w^eight of the cylinder and its 
s\ir rounding castriron blocks be 2,000 lbs., then, neglecting the 
friction &t the glands, the pressure would be 2,000 -e-o, or 400 
lbs. per square inch- This accumulator will store up an equal 
amount of energy, as in the previous case, if the dead weight 
and height of the lift are the same since their stored energy 
depends directly upon W x H. The volume of water contained 
in the accumulator will, however, be comparatively small, and 
hence it will fall more quickly for a certain amount of water 
used by the hydraulic machines which it drives. As will he 
seen from the left-hand figure, a relief valve E V is worked by 
a chain connecting an outstanding arm on the uppermost weight 
to the end of the lever ; also any desired pressure up to 2,000 
lbs, per square inch> or more, may easily be obtained from this 
accumulator with a comparatively small dead load and space. 

Brown's Steam Accumulator. — Another very simple form of 
accumulator, which has proved very effective both for land pur- 
poses and on board ship, is that designed and made by Mr* A* 
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Betts Brown, of the Rosebank Iron Works, Edinburgh, It 
Goiisisfe of & steam cylinder S fitted with a piston P and a 
pjitan-rod or ram R. Steam in supplied direct to this cylinder 
ibm the boiler and presses on the piston F in opposition to the 




Brown's Steam Accumulator. 
Index to Farti^. 



SP for Steam Pipe from Boilers. 
8C Steam Cylinder. 

P ,j Piston working id SC. 

R Earn attached to F 



H C for Hydraulic Cylinder. 
EC „ Engine Cylinders. 
P P „ Force Pumps, 
E Exbanst Pipe. 



water forced into the hydraulic cylinder H C by the force pti c^P^ 
F P, which are worked by a pair of engiDes. An exhaust p*P^ 
E carries away the ejchaust steam from the engine cylinders ^ 
and the bottom of the large eteam accumulator cylinder B C. 




S^tALL HmitArLiG AOCUMUI.ATOK Plant, 

Suppose that the piston P is at the bottom of its cylinder, then 
the boiler steam not only fills the portion above the piston but 
pasBea on to the engine cylindtfr^ and therefore works the pumps 
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forces up the ram and piston to the top of tlieir stroke, when 
tJie piston gradually closes the stearu pasa^ige leading to the 
^'^ne^ until they stop. Should any of the bydraTilic machines 
^ novf put into action the water flows to them from the 
Vdraulic cylinderj the ram and piston descend and the engines 
^^'e again set into motion to keep up the demand and agiiin close 
'^le engine steam pipe. With a stetim cylinder of 36 inches 
diameter and a ram of 91 inches (or, ratio of areas 15 to 1) Mr, 
^xovn is able with about 50 Ihs. steam pressure per square inch 
to 

maintain a pressure of 750 ibs. per square inch in the 
hydraulic mains leading to water motors, steering, stopping, an^i 
' starting gear, or, in the case of a gas works, to the charging and 
^rawing machines. 

Small Hydraulic Accumulator Plant. — Should the gasworks be 
^ miill one, then a much leas expensive accumulator plant may 
t*e employed, such as that illustrated. This figure is sufficiently 
^eif-descriptive after what has been said about the larger plant. 




DraECT AcTLfJCt Steam Pumt, 



The small pumping engine, or donkey pump, which auppliea 
water of the desired pressure to the accumulator is also shown 
in a perspective view. Steam ia admitted to the steam 
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r by piston valves, actuated by a connecting-rod and 

I lever, while the double-acting pump is iitted with a solid piston 
falnnger and an air vesseL 
[ Arrol-Fonlis Gas Be tort Charging Machine.— In replacing band 
Babour for the charging gas retorts by a hydraulic machine 
several important requirements have to be effected: — 

(1) The machine should bfi easily moved parallel to the retort 
bench at the proper distance therefrom. 

(2) It must be capable of being connected with the hydraulic 
pressure pipe at every position, 

(3) The shoot mouth should be easily raised or lowered to suit 
the highest or lowest retort. 

(4) The shoot mouth should be easily entered into the month 
of the retort before filling it with coal. 

(5) Tlie coal hopper should contain at least a sufficient quan 



r 



iKDEac TQ Parts. 



P 

TG 
PS 
LC 
BLC 
ILR 
SRL 
SE 
8M 
HL 
CDC 



for Platform (for attendaot). 
J, Travelling Gear. 

Pressure t^wivel, 

Lifting Cock. 
„ Beam Lifting Cylinder. 
,^ Beam Lifting Ham. 

Shoot Rod liver, 
„ Shoot Rod, 

Shoot Mouth. 

Hand Lever. 
„ Coal Drum Cylinders. 



C D for Coal Drum. 

SV „ Slide Valve. 

C G „ Charging Cylinder, 

S Spear. 

SH „ Spear Head, 

DC „ Drawing Cylinder. 

SP „ Swing Plate. 

SPR „ Swin? Plate Rods, 

H W „ Hand Wheel 

B Bell. 



tity of coal to charge a complete set of retoHs without requiring 
to be refilled. 

(6) The exact quantity of coal required for the charge of each 
retort should be easily regulated, and the regulator should be 
capable of dealing with all the sizes of coalin use. 

(7) The charge should be laid evenly and of the desired depth 
from back to front without any special effort on the part of the 
attendant, and without loss of time. 

(8) The platforjn of the attendant should be placed in the 
most convenient position for actuating all the motions, and at 
tile aatne time protecting him from the heat emanating &om the 
retorts. 

(9) The whole machine should require a minimum of attention 
and repair. It should also be able to withstand the rough usage 
of retort house workmen, as well as the hydraulic pressure, 
without undue leakage or giving way in any of its vital parts. 



336 



LECTURE XXXtlli 



These several requirements have been very ingeniously 
out and applied by Sir William Arrol and Mr- Wiliiam Foirlis i 
in their patent hydraulic charging: machinej shown by th©*; 
accompunying figure, as follows : — 

(1 ) The whole machine with its load of coal is aupporfcetl OE a 
pair of railsj placed parallel to the retort henehj and moved by 
travelling gear T G. In the illustration ordinary hand gear is 
shown, but in the latest machines a hydraulic motor of iapeeial 
design has beeo applied witli excellent resulta. 

(2) A pipe is (ixed the whole letjgth of the retort bench at a 
convenient heights and distance therefrom, and it in always kept 
charged with water from the accumulator at the full working 
pressure of 400 lbs. to the square inch. At suitable distance* 
along this pipe there are attached ordinai-y armoured fiexible 
hose pipes, which may he connected to the pressure swivel PS* 
From this swivel coi>per pipes lead to the lifting cock L C and 
slide valve S V. 

(3) The beam carrying the shoot mouth, shoot rod S sp€4r 
S, charging cylinder C C, and drawing cylinder D C, is raised 
and lowered by turnin^f the lifting cock LC to the right or left 
and ttiereby admitting water to the beam lifting cylinder BLC* 

(4r) When thi^ shoot mouth S M is fairly opposite one of the 
retort mouths it is pushed forward hy the shoot-rod lever S R L, 
and the hand lever H L is turned to adjiiit water to the slide 
valve BY and work the charging cylinder C, so as to push 
the speiir S and spear head SH into the retort^ having a quantity 
of coal in front. 

(5) The coal hojipers are mafle to contain from 2 to 5 tons. 

(6) The feeding gear consists of an open coal drum D, which 
is divided into segmental compartments, each of which can con- 
tain a certain quantity of coal It is turned through one or two 
divisions at regular intervals by a hydraulic ram with rack and 
ratchet gear, so as to permit the desired quantity of coal to fall 
into the shoot. A plate, which acta as a tlap valve » is so fixed 
in front of the drum by a lever and weight, that it jiresses 
against the face of the drum, and prevents the small coal from 
falling down pa.st the tace of the drum. 

(7) Tlie coal falls from the hopper in front of the pusher 
plate or spear head S H, aiid is delivered into tlie retort by a 
series of six or seven successive strokeSj each stroke V*eing shorter 
than the previous one. This is occomplished by means of a shaft 
carrying a set of stops placed on the beam alongside the spear 
This shaft is automatically turned a certain amount during each 
return stroke, so as to bring the gtops into position in rotation. 
The forward and return strokes of the spear are caused by two 
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hydraulic raiBs working in the cylmdera C C and D C, which 
are regulated hy the hand lever H L, This lever also serves to 
lower the apear bead when entering the retort for pushing in thft 
cobI, and to raise it clear from the bottom of the retort during 
the return stroke* It also causes the revolution of the stoppd^ 
shafU The inclined form of the spear head and these sucoesBiVQ 
atrokes ensure the charge being evenly distributed along ilift 
retortj and the depth is regulated by putting in more or l&M* 
coal at each stroke, aa previously explained. 

(8) The platform P is placed at the back of the machine, m 
that the attendant has the levers within easy reach, and he ii 
placed as far as possible from the heat of the retorts. 

(9) Great attention has been given to the several details of 
the machine, so as to render it as durable as possible* The 
reason for adopting this comparatively low pressure is, that the 
power required for the different motions is so small that if a 
higher pressure were employed the rams would be inconveniently 
small. In fact, with 400 lbs. pressure it had been found in soma 
instances that rams of only l|^ inch diameter gave ample power, 

Foulis' Withdrawing Machine for Gas Eetorta. — After the coal 
has been carbonised and converted into coke, it has to be 
withdrawn from the retorts before putting in a new^ charge. This 
is done by a machine which is similar to that used for charging, 
and travels along the same rails. The withdrawing machine 
consists of a frame supported on a truck and carrying a rake for 
pulling out the coke. The head of this rake can swing back- 
wards into a horizontal position so as to clear the coke when 
being moved inwards, b^it goes back to the vertical and dips 
into the coke on its return stroke* 

The beam E carrying the rake can be raised or lowered, and 
the rake moved out and in^ in the same manner as the corre- 
sponding parts of the charging machine. As, however, the 
withdrawing machine is comparatively light, it is found quite 
sufficient to use hand travelling gear T G to mate it move ^ong 
the rails. 

The exhaust water is led to a tank E % from which it flows 
to a spray pipe S P and plays on the rake head to keep it cool and 
help to quench the coke. 

Results of Working. — Mr. Biggart says that the number of 
retorts charged or drawn per hour by these machines varies to a 
considerable extent in actual work. In some cases, owing to 
special circum stances j not more than twenty-four per hour are 
available for each machine; while in other more favourable 
instances as many as forty-eight per hour are allotted to each, 
and even with this larger number a reasonable time remains for 
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might at first be imagined that coal placed in retorts in only six 
to eight large charges by the machine would not be so evenly 
laid as a much larger number of smaller charges put in by hand. 
The machine, however, lays the coal by far the most evenly, 
owing partly to the shape of the pusher head, which is bevelled 
80 as to allow the small ridge of coal raised in pushing forwards 
to fell back when its support is removed on the withdrawal of 
the pusher head. Another advantage possessed by machine 
over hand labour is that the charging is done more quickly, 
and thus there is a diminished loss of gas before the retort doors 
closed. 

Apart from any other consideration, the mechanical charger 
^ould not fail to prove beneficial in view of the greatly improved 
^^onditons under which it enables work of a most trying nature 
^0 be carried on. The old method of hand charging was a severe 
ordeal for the stokers, requiring great exertion to get through 



for Travelling Gear. 

„ Pressure Swivel. 

g^'C „ Lifting Cylinder Cock. 

^ T k " " l^^^^hig Cylinder. 

^^^1, M Ram. 

J ^ „ Lifting Rope. 

» »» Balancing Kopes. 

j--*^ „ Check Rope. 

J* „ Hand Lever. 

^ „ Slide Valve. 



Index to Parts. 

P H for Pressure Hose. 
PC „ Pushing Cylinder. 



PR „ Pushing Ram. 

RS „ Rake Spear. 

RH „ ,, Head. 

EC ,, Exhaust Cock. 

EH „ „ Hose. 

ET „ „ Tank. 

SP ,, ,, Spray Pipes. 

DC ,, Drawing Cfy Under. 

P ,, Platform (for Attendant). 



w^ork in the shortest time possible, while exposed throughout 
^ ^ high heat. Such adverse conditions are now entirely done 
with where mechanical stoking obtains. The single lever 
^hich the whole of the operations are controlled is worked 
r^Ui such a position that the attendant is quite removed from 
1*^^ discomfort of close proximity to a high heat, while at the 
*^ine time the former severe bodily exertion is replaced by light 
easy work. Even greater improvements in the conditions 
labour arise from the introduction of the drawer, which 
^omplishes, under all the better conditions attending the use 
the charger, work of a still more trying nature. The with- 
drawing of the hot coke from the retorts was work for which 
^^en the stokers themselves, accustomed as they were to it, 
Emitted that mechanical appliances were required. Here 
^gain all is worked by a single lever, in such a position as to 
Remove the attendant from the former discomforts of withdraw- 
ing the coke at a wliite heat at the moutb oi \iVi^ o^«ia. x^tott*. 
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NOTES ON LECTURE XXXIII. AND QUESTIONS. 



ft Eeltigtffmtiag Ageat — Ekmentuj BjefrigeistiBg Ap^antna — Simple 

bjdroiM Ainmoii^ m » Ecfrigmtbig Agent — JDe La Vergne't Be- 
frigefmliD'^ Plant — Be L& Vergne's DcraMe Acting Coiiipr»Bor— Tti€ 
IJoit Ejit^m oi Refrig«nti0Q— AppBnIaft for Truiamtttiixg the coM 
prodiiGed to the Cbaml^ i^itirtiig H«fHg«r«fciciii— Qiiavlioii^ 

BeMgeraUoQ— FreJmiiiia77 ConsidemtioQB, — An intere^tbg ei- 
ample of the conirersiaii of he&t into work is afforded by a 
refriger&ting machine* The simplest form of machine consiita 
of an w^-coniprendon pump driven hj a steam engine, or other 
motive power, in which the pomp m water jaeketted and the 
air ia CfXkled tinder pressure by heing passed throtigh a 
snrface eondenser where the water abstracts the sensible he&t 
generated by the mechanieal work of compression. The air thna 
cooled, but still under pressure, is conveyed to an air engine 
and allowed to fjerform work by expanding against aome 
resistance. A large proportion of the work originally per- 
formed daring the operation of compre-sion is again given ont, 
with a oorresponding redaction in the air temperature* 
A machine on this principle may be conveniently con- 
structed by arranging the steamy compreflsion and expandm^ 
engines to work on one crank-shaft. The expanding air thus 
assists in the work of compression. After deducting the neee^ 
sary losses due to cooling, leakage, ifec, the work done in the 
expansion cylinder amounts to about 65 jier cent, of the power 
absorbed by the compression cylinder ; the remaining 35 per 
cent, being supplied by the steam or other prime mover. The 
air having thus given up its heat, exhausts from the expansion 
cylinder at a very low temperature, reaching in one authenticated 
instance as low as — 1 24"* F. 

The Urge coal consumption of machines of this class has, 
however, led to their being superseded, in almost all eases, by 
machines in which a more direct conversion of heat into work 
takes place. 

If we take any liquid and commence to vaporise it, we find 
that, it is necessary to maintain a continual application of heat 
in order to bring about this physical change* The amount of 
heat necessary to convert a unit weight of a liquid to a unit 
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weight of gas at the same pressure, is always constant for the 
same liquid. For example, 1 lb. of water at a temperature 
of 212° F. and at atmospheric pressure, requires the application 
of 966*6 British Thermal Units to convert it into 1 lb. of steam 
at the same temperature and pressure. Conversely, to condense 
1 lb. of steam to 1 lb. of water, both being at 212' F. and 14-7 
lbs. pressure per square inch, we must abstract from the steam 
966*6 thermal units by contact with a cold body. This principle 
holds good for any liquid. 

A refrigerating machine with steam as a working medium, 
would not be practicable unless the temperature of everything 
in connection with it was maintained above 212° F., but, there 
are many liquids which have, when compared with water, a very 
low boiling point ; notably ether, sulphurous acid, ammonia, 
carbon dioxide, and ethylene. Each of these has been employed 
for purposes of refrigeration with more or less success ; and 
all of them depend on the same principle — viz., the absorption 
or the giving out of their latent heat in converting the liquid to 
a gas, or vice versd. 

It is not necessary here, to enter into a discussion as to the 
relative merits of different liquids as refrigerating agents, but in 
; practice, anhydrous ammonia is the agent generally used, and in 
a lesser degree, carbon dioxide. The necessary machinery is of 
itself, extremely simple ; although, the details afford scope for 
a great amount of elaboration and ingenuity. 

Carbon Dioxide as a Refrigerating Agent. — Carbon dioxide or 
carbonic anhydride, which is commercially known as " carbonic 
acid," is a colourless gas, and quite without odour when pure. 
It is under all circumstances perfectly innocuous, and has prac- 
tically no effect on animal tissues or other bodies. It will, how- 
ever, produce asphyxiation in animals when present in the 
atmosphere in quantities exceeding 25 per cent, by excluding 
oxygen from the blood. This gas may be very readily liquefied, 
either by diminishing its temperature or by increasing its pres- 
sure. This fluid has a specific gravity of about -8, and can only 
remain in the liquid state when under considerable pressure, 
the pressure varying with the temperature of the liquid.* The 
pioment the pressure is removed, the heat present in surround- 
ing bodies, at once assists in the evaporation of the liquid carbon 
<iioxide and the bodies themselves are consequently left in a 
colder condition than before the evaporation took place. 

Elementary Refrigerating Apparatus. — Let us consider for a 
Baoment an elementary piece of apparatus in which refrigeration 

* Carbonic acid gas can only be liquefied by pressure when below 86** 
which ia termed its critical temperature. 
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can take place. If we take two strong coils of piping and sur- 
round each with a vessel of water and then connect the two 
meaDs of a stop valve at their lower ends, as shown bj tbe 
accompanying figure, we shall have a simple form of refrigemt^ 
macliine* Suppose, that when the stop valve is closed, ^ 
charge the condenser coil with gas under liquefjing pre^nrfij 
means of a force pump. The water surrounding the coil wiU 
absorb the heat which has been imparted to the gas bj coni- 
pression, and the condensed liquid will gradually accumulate 
at the bottom of the coiL On opening the stop TaJve, 
thisi ]iquid will run into the second or evaimrating coil, and 
the pressure here being lower than is necessary for main- 
taining the liquid state of the material, evaporation will at one® 
commence. The heat necessary for evaporating this liquid 
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absorbed from the water surrounding the evaporating coil, which 
will thereby become considerably reduced in temperature. To 
accomplish this result in practice three things are necessary :■ — 
(1) A compressor, to raise the pressure of the gas to whatever 
may be necessary for its liquefaction ; (2) a surface condenser, 
to remove the heat generated by the mechanical work of com- 
pression ; (3) an evaporating vessel where the liquid may re- 
evaporate into a gas, and absorb heat in the operation. 

Simple Refrigerating Machine. — The following figure of a 
simple refrigerating machine will explain the cycle of opera- 
tions, is a compressing pump delivering gas under pressure 
into the condensing coil C, which consists of a strong worm of 
iron or copper piping immersed in a tank of water, R is a 
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r^Iating-stop valve having a fine adjustment. E is the 
evaporator which consists of a coil of piping similar to the con- 
densing coils. It is also immersed in a tank containing the 
water or other fluid to be cooled. The regulator R is closed, as 
soon as the pressure in the condenser has risen to that at which 
liqne&ction can take place and the gas commences to condense 
on the inner surface of the coil C C. The drops of liquid descend 
and accumulate in the lower portion of this coiL The regulator 
is then opened, with the result, that a small quantity of liquid 
escapes into the evaporator. Now, since the compressor draws 
its supply of gas from the evaporator, the pressure in the 
evaporator must be less than in the condenser. Consequently, 




Sectional Diagram of a Simple Rbfrioeratino Machine. 

Index to Parts. 

C for Compressor. E for Evaporator. 

C C „ Condensing Coils. to ^4 „ Thermometers. 

R „ Regulating Valve. Ti to T4 Thermometers. 

the liquid commences to boil, and absorbs heat for its transfor- 
tt^ation into a gas from the surrounding liquid. The tempera- 
ture of this liquid is therefore naturally reduced by the opera- 
tion. The liquid within the coil is entirely re-converted into a 
gas which ultimately finds its way to the compressor, and thus 
the cycle of operations is completed. 

Suppose four thermometers be inserted into the pipes convey- 
ing the gas to and from the condenser and evaporator, as shown 

hi h> V found that they do not register alike, 

for ^ wiU snow the highest temperature, then and will be 
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some degrees lower, and t^ will be lowest of all. Suppose nct^j 
that the liquids in the vessels surrounding C C and E be caiaaad 
to circulate in the direction of the arrowsj and that tkermometerl 
T|, Tg, T3, T^t be placed on each of the inlet and outlet 
It will be found, that the temperature of the incoming water 
Tj is lower than the temperature of the water ^oing out of 
the condenser^ also, that T^j the temperature of the liquid 
entering the evaporator, is higlmr than its temperature as it 
leaves this vessel. This sbowa^ that with respect to tbe gaa or 
liquid withiu the coila of the condenser or evaporator, heat ii 
lost in the condenser and gained in the evaporator. The amount 
of the former is represented by the ditference between T^ and T,^ 
miiltipUed by the weight of water passed throutrh the condenser 
in pounds, and the latter may be expressed in terms of the 
difference between and T^ multiplied by the weight of the 
fluid passing through the evaporator, and by the apecific heat of 
this fluid* 

If we could construct an ideal machine j in which the lique- 
faction of the gas was automatic, it would be fonnd that the loss 
of heat in the condenser, measured in thermal units, was exactly 
equal to the gain of heat in the evaporator. The sensible heat 
gcained and lost by the fluids surrounding the coils in the con- 
denser and evaporator, respectively, would be the exact measure 
of the latent heat of the refrigerating medium, as abstracted in 
the condenser and returned in the evaporator. It is, however, 
necessary to change the physical condition of the gas between 
the evaporator and condenser, so that it can be liquefied in its 
passage through the latter vessel. Suppose that the pressures in 
both evaporator and condenser are the same and constant. In 
order to ensure condensation and liquefaction in the condenser, 
its temperature would have to be constantly maintained hdow 
that of the evaporator, a condition of things which is manifestly 
impracticable, since the evaporator is becoming colder with 
every repetition of the cycle of operations. This ditificulty must 
therefore be met in another way. If we wish to liquefy any 
gas, it is necessary to bring its molecules closer together, and 
this can be accomplished either by i^hcreasliig the pressure or 
by decreasing the temperature of the gas, or both. Now, 
since it is not in this case practicable to reduce the tem- 
perature, the only alternative is to raise the presusre by means 
of the pump already rt^f erred to, which dmws the gas from tbe 
evaporator and delivers it at an increased pressure into the coila 
of the condenser. But in order to compress a gas, mechanical 
work must be performed upon it, and this work re-appears in the 
form of heat The temperature of the gas after compression Ik 
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I therefore considerably higher than it was at the lower pressure 
[ on leaving the evaporator. This heat, in addition to the heat 
imparted in the evaporatoi*, has to be abstracted and carried 
awaj by the cooling action of the water of the condenser. 

As stated at the beginning of this Lecture, if we convert a 
unit weight of any liquid into a gas, we require the addition of 
a definite amount of heat, and to reconvert this gas into a liquid 
we require the abstraction of the same amount of heat, the 
amount being constant for any one liquid at a constant pressure 
and temperature. All gases do not require the same expendi- 
ture of energy to raise them to the same pressure, because they 
vary in what may be called their compressibility, and some 
gases occupy a smaller volume than others after an equal amount 
of compression. Carbon dioxide, for example, according to 
Regnault, only requires about 75 per cent, of the work necessary 
to produce the same amount of compression, as air or hydrogen. 
, We can, by experiment, readily determine the exact pressure 
at which liquefaction will take place at any temperature ; and 
knowing this, the machine can be designed of suitable strength 
to withstand the necessary pressure. 

Owing to the difference in the power required to increase the 
pressure of different gases, it follows that the amount of heat 
imparted during compression must with some gases be greater 
than with others. This fact is of great importance in the 
selection of a suitable gas, and particularly so it' cooling water 
be scarce. But whatever gas be employed, the pressure neces- 
sary to liquefy it must always be increased to a greater or less 
extent as the temperature of the cooling water rises. 

Having considered the principles upon which an evaporative 
refrigerating machine depends for its action, we are now in a 
position to examine into the actual question of the interchange- 
ability of heat and work. We can moreover at once establish a 
coefficient of efficiency for any refrigerating material. 

Let, L = Latent heat of evaporation of the refrigerating 

medium in B.T.U. 
And, H = Heat imparted during compression in B.T.U. 

It follows, from what has been said, that the coefficient of 
efficiency will be L-^H, and, neglecting external losses, wlL 
^1 represent the heat abstracted in the evaporator, whilst 
H+wL will equal the heat added to the cooling water of the 
condenser, where w, is the weight in lbs. of the gas entering the 
condenser in a given time. It is, of course, impossible that a i 
machine could work under such ideal conditions as we have 
assumed, since there must always be the effect of the high or 
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low temperature of aurrounding bodies to determiiie whether 
there will lie a loss or gain of heat ia one or other of the parts 
of the machine. For instance, it is almost certain that the 
evaporator will be colder than the atmosphere ; in that case, 
no matter how carefully it may be insulated, there will be mmt 
eonduction of heat and the net quantity of the heat abstracted 
from the liquid to be cooled can only be {w L — x)^ where ia 
the amount of heat derived from outside aourcea. The amoont 
of heat im [carted to the cooling water in the condenser will 
therefore be H + li? L ± y ; where ^, is the heat lost or gained in 
the condenser due to the difference in temperature between it 
and its surroundings. 

There is still another correction, to be made to the alsoTt 
formula. When, as is usual, the evaporator is maintained at a 
very low temperature, a certain amount of heat must be imparted 
to it by the refrigerating liquid itself, aa it is entering the 
evaporator in a comparatively warm condition- Thus, snpjxjsmg 
there be t degrees ditlerenco in temperature between the ooa- 
denser and evaporator, a unit weight of the refrigerating liquid 
win as it were import into the evaporator ts thermal imits; 
where a is the specific heat of the iiqvini in question. Therefore, 
if W be the weight of refrigerating liquid passing into the 
evaporator in a given time, tlie heat abstracted in the evaporator 
will be represented by the expression : — 

wIj - X — W^ta 

Of course, W ts will not in practice amount to a great deal ; 
as Professor Linde has pointed out, it must not be neglected in 
an exact calculation of the work performed by any refrigerating 
machine. If there be no leakage, then on the average W will 
be the same as tv. 

These formulae cannot be applied with absolute certainty in 
practicej owing to the impossibility of making all the necessary 
corrections due to the gain or loss of lieat in the various parts rf 
the machine^ and owing to the friction of the gas in constricted 
passages. But, with care^ this gain antl loss of heat can he 
very nearly accounted for in an ordinary machine, as manufac* 
tured for commercial purposes and working under the conditioni 
of everyday practice. 

Carbon Dioxide Refrigerating Plant.— One method of cooling 
buildings^ 6ic., on a large scale, is to employ a strong brine 
obtained by dissolving sodium chloride or common salt in water. 
This brine is first cooled by piisai ng it through the evaporator of 
a refrigerating machine, and then circulating it in pipes pi 
within the chambers which it is desired to cool 
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In the accompanying figure all the essential parts are shown 
of a small refrigerating machine tta manufactured by Messrs. 
J. ifc E. Hall, of Dartforci, for cooling amaU provision stores, 
dairieSj ifec, where the pump may be conveniently driven by a belt. 
In larger machines, the evaporator is contained in a separate 




Hall's^ CAiiBoN DioxmE REFJUGEaATjNo Plant, 

IjraEX TO Fakts. 
C for CompresHor, G for Gauges. 

8 Separator, E Evaporator, 

CC Condensing CoiU. SV Stop Valvea. 

R „ Regulator. 

vessel and the compressor is driven by a compound- or triple- 
fispansion engine ; but, for the sake of compactness in this case, 
tbe evaporator is placed within its condenser, and the inter- 
vening space between them is carefully insulated by means of 
aome non-conductor, such as hair felt or alagwool. The coils of 
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piping which form the condenser and evaporator are welded " 
continuous lengths and so connected that all joints ^hall otjcur 
in accessible positions. These and all the other gaa joints are 
made by inserting copper rings turned from the solid meUl 
between a pair of flanges or union coupling. This form of 
joint has been found very satisfactory* The condenser caaaii|^ 
corliss frame and bearrngs for the compression pump, &c., are aE 
made of cast iron in one casting. The compressor C is made of 
special hard bronze in order to ensure freedom from fipoagy 
places, while the suction and delivery valves are identical in 
shape and siae so that they nia^ be interchangeable. The com" 
pressors for lar^fer machines are bored out of solid steel forgingi 
This ensures strength together with sound materiaL A tms 
bore is also provided for the smooth working of the cupleatbers 
with which the pistons are packed. The gland is matle gas-ti^t 
by means of two U -leathers fitted over the com pressor- rod and 
glycerine is forced between them under a somewhat greater 
pressure than that in the compressor. Any leakage which takes 
place is therefore of glycerine — outwards (which can be colk'cted 
and used over again) and inwards— which both lubricates the 
interior of the compressor and fills up the clearance sspa^ea, 
thereby increasing the efficiency of the machine. The superior 
pressure of glycerine in the gland is obtained by utilising the 
pressure in the condenser acting through a small intenalfier, 
similar to those in use in hydraulic installations. Any glycerine 
which passes into the com press er, beyond what is necessary to 
fill uj) the clearance spaces is discharged witli the gas through 
the delivery valves. In order to prevent this glycerine passing 
into the condenser coils, all the gas is delivered into a separator 
3 and caused to impinge against the ^ides of this vesseL The 
glycerine adheres to its sides and drains to the bottom from 
which it may be drawn off from time to time, thus permitting 
the dry compressed gas to pass away by an opening at the top dL 
the separator to the e%'aporator E. flj 

One feature of these machines is the safety valve, which m 
fitted to the gas circuit immediately above the compressor, so 
that no harm can be done to the machine even if carelessly 
started with the stop valves closed. It con sis ta of an ordinArj 
spring safety valvcj beneath which is a thin copper disc, designed 
to burst at a certain pressure. This disc can be made perfectly 
gas-tight, which could not be so easily accomplished by the spring 
safety valve alone. The latter only comes into play in the event 
of a rupture of the copper disc. 

Anhydrous Ammonia as a Eefrigerating Agent. — The most 
important advantages possessed by anhydrous ammonia as an 



BBFBIOEBATIKO PLANT. 



353 



&gent for cooling purposes are, its freedom from the danger of 
explosion, its great latent heat and low pressure of vapor- 
isation.* The latent heat of vaporisation of 1 lb. of carbonic 
add at 0° F. is 123 units, and of ammonia 555 units, while the 
respective pressures in lbs. per square inch, at the same tem- 
perature, are 310 lbs. in the case of carbonic acid and only 
30 lbs. with ammonia. It follows, therefore, that a carbonic 
acid plant must be constructed to deal with pressures of about 
1,000 lbs. per square inch as against only 150 lbs. or so, in an 
ammonia machine. The exact pressures in each case are 
directly proportional to the temperature of the condensing 
water. 

As already stated, this agent is more commonly used than 
any other, and in the United States of America, where refriger- 
ation is applied to an extent unknown elsewhere, the machine 
generally employed is on the ammonia compression principle. 
It is similar to the carbonic acid machine in so far as the 
complete system consists of (1) a compression, (2) a condensing, 
and (3 an expansion part; moreover, the cycle of operations 
is exactly the same. 

De La Vergne's Refrigeraticg Plant. — There are many different 
kinds of ammonia machines in use, but a general description of 
one of the best known and most extensively applied — viz., the 
** De La Vergne " as manufactured by Messrs. L. Sterne & Co., 
Xtd., of the Crown Iron Works, Glasgow, may be taken as a 
tijpical example. 

In the following figure, A represents the ammonia com- 
pressor driven by a steam engine R. The gas which is returned 
feom the expansion coil N, placed in the cooling chamber, enters 
tihe cylinder A by the pipe B, and after being compressed 
tiherein it is discharged, through the pipe into a pressure tank 
3), together with a certain amount of sealing oil. Here, the oil, 
l)eing heavier than the ammonia gas, naturally falls to the 
Iwttom, and the hot ammonia passes from the top of this 
tank by a pipe E to the condensers F ; where, the cooling 
action of cold water trickling over the pipes causes the gas to 
liquefy. It then passes through pipes G, G to a header H, and 
from thence, to a storage tank I, which is simply a receptacle 
for holding a reserve supply of liquid ammonia. From this tank 

* A liquid with a high latent heat of evaporation need not necessarily 
be a good refrigerating a^ent, and vice-versd. What is required is, that 
its specific heat should be Tow in proportion to the latent heat of evapora- 
tion. Or, we require as great a difference as possible between the latent 
heat of evaporation and the specific heat of the liquid multiplied by the 
range of temperature in the condenser and refrigerator. 
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it is conveyed bj a pipe J to a aepumtziig re— el K, wliere anj 
particles of oil that may hare been earned over with the liquid 
are finally separated and the pore liquid ammonia is free to leave 
ik by a pipe L to the expansion coils in the chambers to be 
Moled. The cock f<Mr admitting the ammonia to these coils can 
W regulated to any degree <^ minuteness. It thus serves to 
separate the high pressure Irom the low pressure part of the 
apparatus. Hence, the liquid ammonia on passing the expan- 
SKm cock enters the cooling coils, which are maintained at a low 
pressure by the pumping action of the compressor. Here, it 
nnmediately flashes into gas and by abstracting from its sur- 
nmndings the heat necessary to cause this change, the tempera- 
ture of the room is lowered to any desired extent. After 
having thus done its work in the cooling chamber, the gas is 
vstumed to the compressor by a pipe B, to again undergo the 
same cycle of operations. 

The sealing oil passes from the bottoms of the pressure and 
separating tanks D and K, by the pipes a and d to the oil 
cooler b ; thence, by pipe e to the oil strainer d and the pipe e to 
the oil pump /; by which, it is again circulated through the 
compressor A. 

De La Vergne's Double-Acting Compressor. — ^The accompany- 
ing figure is a section through a "De La Vergne" double- 
acting compressor, and shows the use of the oil seal. In all 
ammonia compressors, a certain amount of oil is required for 
lubricating purposes, and if the compressor be arranged in the 
ordinary way, the discharge valves at the lower end are placed 
^ther on the bottom or at the side, with the result that the oil 
is discharged be/are the gas. The oil ought, however, to be dis- 
charged after aU the gas is gone ; otherwise, re-expansion takes 
jjaoe which would entail a loss of efficiency. In the " De La 
Vergne " compressor this difficulty has been avoided in the fol- 
lowing manner: — At the lower right-hand end of the compressor, 
two discharge valves are fitted into a side pocket, with the one 
fiflr above the other. On the down stroke, either of the valves or 
both may open until the piston covers the upper one, when only 
the lower valve is open to the condenser. In the further course 
of the piston and as soon as the lower valve is also closed, the 
upper one comes into direct communication with an annular 
chamber in the piston. This chamber has valves in its bottom 
«ide which open into it, as soon as all other inlets on the lower 
aide of the piston are closed. The gas, therefore, first leaves 
the compressor and then the oil follows, thus permitting no g» 
to remain in the lower side after the completion of the dow. 
stroke. The effect of the oil seal is to make the compresac 



DOUBLK-ACTING COMPRESSOR. 



357 



ork with practically no clearance and thus a maximum of 
ficiency is obtained. The oil also serves to carry away a con*, 
derable amount of the heat of compression and to seal all 
le valves and stuffing-boxes. 

Attention may now be drawn to a few of the details of the 
)ove plant. In the first place, it will be noticed that the 
nmonia condenser is not of the ordinary type where the coils 
mtaining the gas are usually submerged in a water tank, but 
ley are of the open or atmospheric type. Here, water is kept 
>nstantly trickling over the condenser pipes, and the cooling 
!tion is therefore considerably assisted by the evaporation 
lereof from the surface of the pipes, which enables a maximum 
condensation to be effected with a minimum of water supply. 
' also leaves all the pipes of the condenser open for examina- 
3n and cleansing. This style of condenser is now coming into 
:tensive use for the condensation of steam in large factories. 
I the second place, it will be seen that the refrigerating or 
oling effect is caused by the direct expansion of the ammonia 
pipes placed in the chamber to be cooled. This does away 
th the unavoidable loss of efficiency due to the use of a supple- 
Bntary medium such as brine. It, however, necessitates 
rj careful coupling up and jointing all the expansion coils, 
order to prevent any leakage of the ammonia gas ; more 
pecially, in the case of a large plant where there may be as 
ich as ten or more miles of piping in these cooling coils. In 
actice, however, these details have been so carefully worked 
t, that many hundreds of miles of such piping are constantly 
work without giving the slightest trouble. Consequently, 
e old-fashioned method of brine circulation is not now so 
nerally employed except on board ship, where there is a possi- 
ity of undue rocking or straining of the pipes and where it is 
asidered advisable to use something that would cause no 
jagreeable odour in case of a broken pipe or joint. 
In applying the refrigerating machine to the manufacture of 
!, the simplest method is to place the expansion or cooling 
lis in a tank filled with brine or other non-congealable liquid, 
lile the water to be frozen is placed in moulds of suitable size, 
lich are then inserted into this brine until frozen. The pur- 
se served by the brine in this case is to convey the heat from 
e water to the cooling pipes. It is therefore generally kept in 
>w circulation in order to ensure that the temperature shall be 
uniform as possible throughout the tank. If ordinary well 
iter be placed in the moulds, the resulting ice will contain so 
iich air that it will be turned out of a milky white and opaque 
lour; but if the water whilst in the process of freezing be kept 
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in slow tnotion by mea-ns of agitators^ this air escapes, and 
clear glassy ice is the results 

Another metbod of obtaining clear ice is to use distillerf 
water. This baa also the advantage of getting rid of any 
objectionable matter which might be in solution. 

The Linde System of EeMgeration.— This system was lirat 
introduced into Germany in the year 1875 by Professor LiDde. 
who was then one of the teaching staff at Munich University, 
In this country, however, prior to the principal cold-pro- 

ducing machinery, as manufactured for both land and marine 
purposes, was the simple cold air machine, in which refrigeration 
is produced by the compression, cooling when under corapressiott 
by means of water and subsequent expansion of ordinary ntmo- 
spheric air. These machines, although simple in construction 
and giving very good results, possess the disadvantage of 
requiring a large amount of power to work them in compariaon. 
with those employing more efficient refrigerating agents. Con- 
sequently, the former method has now very largely given way to 
one or other of the latter, of w^hich the Linde system is one of 
the most successful, seeing that over 3,000 of these machines 
have been constructed np to September, 1897, representing an 
output, as rated by the capability of producing 69,200 tons of 
ice every twenty -four hours. In America the largest machine 
turned out upon any system is rated at 500 tons of ice per 
twenty-four hours 

The Linde System of Refrigeration is identical in principle, 
and only differs in mechanical details from the De La Vergne 
previously described. It is, therefore, based on the evaporation 
of liquid anhydrous ammonia and. the subsequent liquefaction 
thereof by means of mechanical compression, together with the 
cooling of the vapour thus formed, so as to enable it to be used 
over and over again. As will be seen from the accompanying 
illustration, the self-contained motive-power plant, as chieHy 
used on board ship, consists of a liorizontal steam engine on the 
right, with a horisiontal duplex compressor pump to the left, and 
an ammonia condenser in the sole plate. As far as the com- 
pressor is concerned, the chief differences between the Linde 
and the De La Yergne systems are > — 

(1) That in the former a horizontal compressor is used 
instead of a vertical one in the latter case, 

(2) That a special oil (not susceptible to change at any tem- 
perature attainable by the machine, which does not contain any 
acid or other deleterious matter, and which does not saponify 
when brought into contact with ammonia is used solely for 
Jubricating purposes* Whereas^ the oil used in the De La 
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^erjpie system serves not only m & labricant to the working 
parti, but also to partly carry away the heat of couipreasion, 
^d, further, to fill up the clearance spaces, as well as to seal the 
TaJveSj glands, ifec, so as to prevent the escape and conse^jtient 
Jnconvenient smell of ammonia, 

(3) In the Linde system a small quantity of liquid ammonis. 
is introduced into the compressor during each suction stroke for 
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e purpose of cooling the vapour of amiiionia. This liquid 
_l^oDja evaporates duriug compression, and thus the heat due 
oompressionj which would otherwise appear as sensible heat, 
is thereby absorbed and r^^Tlde^ed latent in producing the change 
in the physical state of the liquid. The curve of compression is 
thus kept down as nearly as may be to the isothermal linSj and 
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the power required for compreasion is to this extent correspo 
ingly reduced. 

Apparatus for Transmitting the Cold Produced to the Chambers 
requiring Eefrigeration^— Tiie followina^ general principles are 
adopted for trans ffsrri rig the cold generated bj the refrigerating 
machinery U) the oharabera or rooms requiring to be cooled. 

First Method, — An uncongealable solution of salt {chloride 
of aodinm ) in water is reduced by the refrigerating machine to 
a low teinperatvirej and this liquor acts as transmitter of cold in 
on© of the following mfithods : — - 

(a) The cold brine is constantly circulated from the brine 
refrigerator through pipes placed in the refrigerated chambersj 
and returned to the brine cooler. The result is that not only 
is heat abstracted from the air of the refrigerated roomSj but 
also a large degree of the moisture which may be present in 
them. This moisture is condensed on the exterior of the brine 
pipe systems either in the form of condensed water or hoar-frost. 
Suitable drip trays are provided, in order to prevent this 
moiiiture from falling upon the contents of the rooms* The cir- 
culation of air with this system is a moderate one^ being produced 
merely by the differences between the temperatures prevailing 
near the brine-pipas and those in the lower parts of the 
rooms, 

{bJ The brine is cooled in a shallow rectangular open tank con- 
taining the evaporator coils. On tlie tank is mounted a number 
of slowly revolving transverse shafts, and on each shaft is hxed 
a number of parallel discs, partly immersed in the brine^ the 
entire apparatus being placed in an insulated passage tlirough 
which an air current is continually passed by a tan» in a direction 
parallel to the revolving discs. It will be seen, that as the discs 
revolve and are kept covered by a film of the refrigerated brine, 
the air passing between the disc-spaces becomes cooled, and pro- 
duces a low temperature in any chamber or room into which it 
may be conducted through properly arranged air- trunks. As a 
rule the air is always taken back from the cold rooms j passed 
over the discs and returned to the cold rooms, and any required 
amount of fresh air ia introduced by means of adjustable openings 
in the air- trunks, communicating with the outer atmosphere. 
In this instance, also, moisture may be removed from the 
relrigerated rooms and deposited in the brine contained in the 
trough. No accumulation of frost can take place, and the 
refrigerated surfaces are always perfectly active. The circum- 
atanoe of all moisture being deposited in the brine necessitates 
either a periodical loss of the same or its re-concentration. The 
fau produces a vt ry effective air circulation within the rooms to 
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he cooled. This in most cases is extremely desirable, and, as will 

be readily understood, produces the most beneficial results. 
Second Method, — Instead of using an uncongealable liquid as 

a bearer of cold, the refrigerator coils (in which the vaporisation 
of the Hquid anhydrous ammonia takes place) are sometimes con- 
structed with extra large surferces, and placed either in the upper 
part of the rooms to be cooled, or in a separate chamber. In the 
latter case, a fan constantly circulates the air between this 
chamber and the refrigerated rooms. This is the system gener- 
ally adopted on board ships, and has been found to be in all 
respects most satisfactory. In cases where the air temperature 
is not sufficiently high to cause a complete removal of the snow 
•deposited on the ammonia-coils, the snow is thawed by the 
ammonia vapours themselves, the evaporator-coils being for the 
time used as a condenser. Occasionally the snow is thawed by a 
current of hot air taken from the outside. 

Althoughall of these methods have beenapplied on an extensive 
scale,, the system most strongly recommended in cases where 
its application is possible is the combination of revolving discs 
immersed in brine. There are no brine or ammonia pipes in 
the rooms ; whilst the rapid air circulation by the fan is easily 
managed, and has been found in most cases to be requisite for 
obtaining a satisfactory result as to purity, dryness, and equable 
temperature in all the rooms. 

Where circumstances require the refrigerated rooms to be at a 
distance from the refrigerating machine, it is generally' most 
<X)nvenient to place bundles of brine pipes in each room ; but 
even in such a case, in the event of a small amount of motive 
power being available close to such rooms, the system of revolving 
<liscs and fans can be readily applied, the brine being cooled in a 
refrigerator near the compressor, and conveyed to and from the 
•disc tanks through insulated pipes. 

A large beef-chilling plant on the Linde system was erected in 
the beginning of 1890 at the Woodside lairage of the Mersey 
Dock and Harbour Board. It is capable of chilling 660 carcases 
of beef, each weighing about 9 cwts., from 90 degrees Fahr. to 33 
•degrees in 17 hours. It consists of a horizontal compound 
tandem jet-condensing steam engine, which drives a double-acting 
Linde compressor at the rate of about 65 revolutions per 
minute, when supplied with steam at 120 lbs. pressure from a 
marine type boiler. The air-cooling apparatus consists of two 
disc tanks, placed above the chill rooms, at one end. Each disc 
isystem has its own fan, which draws the air from the top of each 
of the chill rooms, passes it over the discs, and drives it into the 
rooms at the opposite end to that from which it is withdrawn. 
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The amtnoiua oondenBer is placed in the eompresEor room, and w 
supplied with cooling water hj a puinp which takes its supply 
from a well, fed with the drainage water from the Meriey TimneL 
After paBsiag through the ammonia condenser the water is used 
in the condenser of the steam engine. There are six chili rooma, 
each about 5& ft. long by 14 It, wide, and about 13 ft higL 
The walk of the rooms are built of brick, with air spaces. The 
floors are cement, and the cei lings are timber, covered with a 
layer of fine atthes. The air-cooling apparatus is contained in an 
insulated casing, which is so arranged as to cause the air tu 
come in contact with the cooled surfrtces of the discs* 

The folluw^ing is a Hst of some of the books and papers 
Hydraulics and Hydraulic Machinery : — 

Hifdraulie Mtichmtryy by H. Gordon Blaine. (E, & F, N. Spoil, Ltd.* 
London, 18974 

litetnt Hifdrtiulk MTperimmiA, Paper by Major A. Cunningham. Proii. 
InaL C*E,, voL Ixki^, p* L 

Ili/drmiiic Appliancffa at tite Forth Bridge Workx^ Paper by W* Moif» 
Proo. ItiflU aE,j vol. p. 402. 

Tki' 160- Ton. Uydranlic Crojte at Malta Dockyard Extensim Work 
Pa^jer by C. & C. H, Colson. Proc. Inet. C.E,j vol cxiv,, p. 289. 

On Mathine Tools and other Labour-Saving Appliances Wofhid 4* 
HffdtauHc Pressure. Paper by R. H. Tweddell* Proc. Inst* C.E., vdl 
txiii.i p. 64, 

T/ie Barrtf Dock Works, indnding the Hydranlif. Machhiery mtd ik 
Moiir Of Tippittg Coal, Pftper by J. Robinson. Proc. In&t.^ C,E., vol. flit 

p, laa' 

The DiMrihiition of Ht^dranlic Pow^r in London, Paper by B. 
Ellington. Proc, In»t. C.E«, vol. xciv., p. 1. 

llydrmdi*'- Poif^r Suffply iit London* Fu-per by E. R. Ellington* Froo. 
liiwt. U.E,, voh cxv,, p. *2120, 

Forcing hy Hijdmidic Prtn^ure, Paper by E. H. Tweddell Ptofl. iMt 
C, K.i vol, cxvti,, p. L 

ffifdraidk-FotPri- Supply «n Tfnmut, (Glasgow^ Manchester^ Bueio* 
Ayre-^, ^^c.) By Edward EUingtoa, M. lost. M.E. (Proc. lust, 
Mi3ch^nlcal Etii;mecrSi Glasgow MeGting^ 18di5). 

Watti^-Frt^mrt Bnoincs for Minintf FitrpostJt, Paper by H* DftTk. 
Proc. Ifist. ISSO, p. 245, 

Hydraulie Fiangiw/ of Sttj^l Plates. Paper by KssUm & Andet^o- 
Vrocl Imi. M.E , p. 51S. 

PorloUt Mvdraulie DrUiing Machine. Paper by Berrier-Fontaine. 
Proc, Inat. M.K, p. 72, 

L^* m tkt Eifti Tomer. Paper by A. AuBaloni, Proc. Inst M.fcl-, 

Hydrautk i^odbifiy JV«»se*. Paper by C. Uopkinson, Proc. last C.ELp 
vot xdic .t Pi 97it 

l*Ju TV^ttnenl ^Si^ by ffydraulk Frtmre and iht Plant Entpleytd 
tor |A# pmrpo^. P*per by W. EL Greenwood, Proc Inst, C.E.. vaL 
xcviii, p. SJt 

it^irttuHe Fropmlthn. Paper by W. Bamabj. Proc, Imt. CXt 



LIST OF BOOKS AHD PAPSR& 363 

A Hydraulic Pumping Engine. Paper by H. D. PearealL Proc. Inst. 

GE., ?oL cvL, p. 292. . 

Bydraulic Work in the Irawadi Delta. Paper by R. Gordon. Proc 
Inat C.E., vol. cxiii, p. 276. 

CentrifugcU Pump$, Turbines, and Water Motors, by C. H. Innes, M. A. 
(The Technical Publishing Ck>., Ltd., Manchester.) 

Lifting and Hauling Appliances in Portsmouth Dockyard. Paper by J. 
T. Comer. Proc. Inst. M.E., 1892, p. 295. 

Hydraulic Power and Hydraulic Machinery, by Henry Robinson. 
(Chas. Griffin & Co., London, 1896.) 

Hydraulic Motors, Turbines, and Pressure Engines, by G. R. Bodoner. 
(Whittaker & Co., London, 1889.) 

A TretUise on Hydraulics, by M. Merriman. (John Wiley & Sons, New 
York, 1895.) 

Hydrostatics and Elementary Hydrokinetics, by G. M. Minchin. (Oxford 
Press, Oxford, 1892.) 

Hydraulic Machinery for Glasgow Harbour Tunnel, as Constructed and 
Erected by the Otis Elevator Co., New Yonkers, New York. See 
Engineering, May and June, 1895. 

Paper on RefrigercUing Apparatus, by Prof. Carl Linde, of Munich. 
Journal of tJie Society of Arts, 9th March, 1894. 

Paper on Experiments on a Tux>-Sta^e Air Compressor, by John 
Goodman, Wh.Sc. Proc. Inst. C.E., vol. cxxviii., and also The Practical 
Engineer, 30th July, 1897. 

Compend of Mechanical Refrigeration, by J. E. Siebel. (H. S. Rich & 
Co., Chicago, 1895.) In this book there are several important tables and 
other valuable information regarding refrigerators. 

Adaptation of Hydraulic Pmoer m the Manufacture of Iron and Steel. 
Paper by James L. Biggart. JoumaJ, of the West of Scotland Iron and 
Steel, Institute, 1893. 

Application of a System of Combined Steam and Hydravlic 3fachinery to 
the Loading, Discharging, and Steering of Steamships, Paper by A. Betts 
Brown, F.R.S.E. Proc. Inst. Nav. Arch., 1890. 



1. ErpUin the {^^daIne^tal principles upon wblcfa. a refrigerating 
m^hine works. Note specially what becomes of the different qn^titiea of 
heat generated and ubjsorbed. 

2, Sketch the easentta.1 |uirfcs of a refrigerator^ ^nd deBcribe its ^tioD. 

3, What arc the nd vantages which a vapour possesses over » irermaueiit 
gM^ Ruoh aa air, for refrtgerative purposes? 

4, What are the requirements of au ecauomical medium for use in a 
refrigerator! 

5. ^keleh and explain the plant required for producing cold by meaus of 
carbon dioxide. 

6. Explain the reasona that have led to the ado^.tion of anhydrous 
ammonia in moat modern refrigerators, and mention some of the properties 
of this vapour. 

7, Sketch and ^eacriba any well-koown arruugeuieut for refrigerating, 
using anhydroae amrnonia. 

8. Explain and illustrate some of the ways of Gommunicating cold io a 
chamber from a refrigerator. 
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The following description of the Hydraulic Ram and example^^ 
and questions which we propose to incorporate in an extensio:** 
of Part YI, in a future edition are now printed here in the hop^^ 
that the J may be of immediate use to students. 

Hydraulic Ram. — This apparatus was invented about 100 year^ 
ago by a Frenchman n^med Montgoifier. It is one of th^ 
simplesty moat durable^ and efficient machines for raising wateiT" 
to a greater height than the source of supply. The energy^ 
stored up in water descending from a comparatively low" 
eleTation is utilised to raise part of the same water to a« 
iiiuch higher level of from three to thirty times the vertical 
height of the original fall. The principle upon which the 
apparatus works will be understood from a consideration of 
the accompanying figure. If the valve Y be held down- 
firmly on its seat, and the left-hand 
vessel he filled with water to a certain 
height j it will rise to the same level in 
the right-hand open pipe. If the valve 
be now released for a short time, water 
will flow under the action of gravity 
along the horizontal passage and escape 
at the open valve with & velocity pro- 
portional to the square root of the 
head " or vertical height of the free 
surface above the valve. On suddenly 
closing the valve, the kinetic energy of 
PaiNCtPLE OF THE the moving water will be partly spent 
HyDHAiTLTO Eam. raisiug the righ^hand column to a 

greater height than the free surface of the water in the left-hand 
vessel. Now, if we introduce a check valve at the foot of the 
long column^ so as to prevent this water from falling down 
again y and an air vessel to act as a cushionj we can repeat the 




eration eotitmuallyj so as to produce a flow of water up the 
ipe, 

The machinej aa made aud supplied by the Glen field Company 
of Kilmamock, is illustrated by a vertical section and plan in 
the following figure. Water flows from a cistern, tank, pondj or 
dain, through a cast- or w rough t-iron pipe, technically called the 
drive pipe I>P, to a hollow casting containing two valves. The 




PLAN 

Hydraulic Ram^ by the Glenfield Company, Kilmabnock. 

st of these is named the escape or dash valve D Y, which 
opens downwards, and the other the check valve C V, which 
opens upwards. Over the latter is fixed an air vessel AV, 
having a manhole door M H to the left and a delivery pipe, which 
is technically termed a rising pipe R to the right. If the 
apparatus and all the pipes are duly connected to the supply 
and delivery tanks, and the dash valve D T be held up, until 
the water irom the source of supply has fiWed liot ^iiJt^ 5i3s^^ 



pipe B P, but also risen througla the check valve C Y and ri ' 
pipe H P to nearly the same level as the free surface in, tli 
supply tauk, the whole will remain motionless or in a stat~ 
condition* If we now depress the dash valve D V* an 
then let it gOi the machine will immediately begin to wk 
and continue to work automatically without any attentioE : 
even oiling for years, until stopped by some accident or by th 
wearing out of one or both of the valves. Of cuurse, the suppl 
of water must be maintained, so that the drive pipe is aH'&r 
kept full. This pipe should not be throttled in any partj and 
the weight of the dash valve must be so carefully adjusted, 
that it will just overcome the static pressure — Le., drop from 
its seat— and permit water to escape thereat* Therij the acc-e- 
leration produced by gravity on the water coming down the 
drive pipe very soon produces a greater pi-easure on tke (last 
valve than that due to the mere static pressure. This increased 
force suddenly raises it again to its seat, when the kiiietic 
energy which has been impurted to the water lifts the check 
valve and forces some water into the air vessel. "^'lieneTtr 
this kinetic energy has been spentj the compressed air in the air 
vesselj together with the weight of th© check valve, causes it to 
close, and immediately therealter the dash valve automaticaUj 
opens. The sairte cycle of operations takes place over and over 
again, the air in the air vessel gets more and more compressed, 
and w^ater rises higher and higher in the rising or delivery pip^f 
until it issues as a continuous stream irom its mouth into the 
cistern or receiving tank. From this tank it may Ijc drawn off 
at pleasure for all the various uses of a mansion house or farm 
atendiugj kc. 

The air vefrsel plays two important parts in each cycle of the 
operations of this interesting and useful ajiparatus. (1) The air 
contained therein acts as a cushion by minimising the water 
hammer act ion, which would otherwise stress the various partflr 
and tend to break the joints. (2) The air acts as a store of 
energy by taking up, during its compressioHj a part of the 
kinetic enc^rgy of tlie water, and then giviiig out the same 
gently, thus producing a constant flow of water through the 
deliv^ery pipe. If the vertical height of the column of water in 
the rising pipe be about 34 feet above the check valve, the 
pressure per square inch on the upper surface of this valve will 
be one atmosphere^ or, say, 15 lbs. on the square inch, and the 
air in the air vessel will be compressed to nearly that pressure, 
and therefore occupy about half its original volume. If the 
column be 68 teet high in the delivery pipe, the pressure on the 
valve will be about 30 lbs, on the square inch, aad the air in. 
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the air vessel will occupy one-third of its original volume, and 
so on. Hence, it is necessary to proportion the size of the air 
vessel to the vertical height through which the water has to be 
forced in the delivery pipe: Besides this, air becomes absorbed 
by water, and in a short time the air vessel, if small, would 
become entirely filled with water. The air vessel may, however, 
be kept charged with air in a very simple manner by the intro- 
duction of a snifter valve S V, screwed into the ram casing, 
immediately below the check valve. In its simplest, and prob- 
ably its most eflBcient form, it consists of a brass plug with a 
very small hole drilled through its axis. Every time that 
water is forced through the check valve a very small quan- 
tity also passes through this tiny opening in the snifter valve ; 
and each time that the check valve is forced down upon its seat 
a rebound or reaction of the water takes place, and produces a 
partial vacuum immediately underneath the check valve. Con- 
sequently, a little air is forced into this vacuum by the atmo- 
spheric pressure, and this air is carried up into the air vessel at 
the next stroke or pulsation, thus keeping up the necessary 
supply for efiecting a continuous flow of water into the receiving 
tank. If everything about this machine is thoroughly tight 
and in good working order, and the valves are made of the best 
proportions and weights, an efficiency of from 80 to 90 per cent, 
can be obtained therefrom, and it has been found possible to 
work it with a minimum driving head of only three feet. The 
several causes for loss of efficiency are : — 

(1) The friction of the water passing along the drive pipe 
D P, and the casing of the apparatus. 

(2) The weight and friction of the dash valve D V, which has 
to be lifted at each stroke or pulsation. 

(3) The weight and friction of the check valve C V, which 
has also to be lifted at each stroke. 

(4) The slip of the check valve C V — i.e., a slight quantity of 
water may slip back past this valve when in the act of 
closing. 

(5) The friction of the water passing along the rising pipe R P. 

(6) Any defects of tightness in the faces of the dash anrl 
check valves. 

Example I. — If 1,000 lbs. of water pass per minute through 
the drive pipe under a head of 6 feet, and 60 lbs. of water 
are delivered into the receiving tank, which is 87 feet above the 
check valve, what is the efficiency 1 

. work got out ^, . . V 

EfficiencY = r- — (m tlie same time). 

work put in ^ 

24 



extent. I5j a simple mocimcanon ot tne ram snoi 
illustrationj river or impure water may be made to 
or pure water; the two waters are Beparatfd hj a d 
and the pumping action actuates two valves, the on 
suction and the other a delivery valve. 
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Example I. — ^A cylindrical tank, 6 feet in diameter and 
10 feet deep, is filled with water; find the bursting pressure 
round the base of the tank, and the pressure on its base. 

Answer. — The bursting pressure round the base is measured 
by the intensity of the fluid pressure on any small area of the 
curved surface infinitely near to the base. This pressure will 
be exactly equal to that on the base. Hence, the question 
Resolves itself into finding the intensity ot the pressure on the 
base. 

. • . Bursting pressure ^ 

round the base > = Pressure per square inch on base, 
of tank j 

= aHW. 

„ „ = 1^ ^ 1^ ^ ^2-5 = 4-34 lbs. per sq. in. 

Again, Total pres- ) _ / Area of base in sq. ins. x pressure 
sure on base j ~ 1 per sq, in. 

Or, „ „ = 36x36x4-34 lbs. = 17,678 lbs. 

Example II. — A circular water tank is 20 feet in diameter 
and 25 feet deep. ' It is constructed of 6 rings of cast-iron 
plates. Find the total stress on any vertical section of the 
t)ottom row of plates made by a plane passing through the axis 
of the cylinder, neglecting any assistance afibrded by the flanges 
or connection with the bottom plate. (S. and A. Exam., 1888.) 

Answer. — It has been proved in Lecture XXIX. that when a 
cylindrical shell is subjected to internal fluid pressure, the total 
stress in the material along any section made by a plane 
containing the axis of the cylinder is equal to the total fluid 
pressure on either side of that part of the plane intercepted 
within the cylinder. 

Hence, total stress in material of bottom row of plates = total 
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fluid pressure on vertical plane through the axis of the cylinder 
at the bottom row of plates. 

25 

Since the breadth of each ring = ^ = 4 J ft. ; therefore, depth 
of c. g. of bottom ring = H = 25 - J x 4J = 22-96 ftj 

.*. Total stress in materiaH 

along section at bottom > = A H W, 
row of plates ) 

= (20 X 4^) X 22-96 X 62-5 lbs. 
= 119,357 lbs. 

Example III. — How is the pressure of water on a given area 
immersed in it ascertained? A water tank, 8 feet long and 




Pressure on Sides of Tank, 

8 feet wide, with an inclined base, is 12 feet deep at the front 
and 6 feet deep at the back, and is tilled with water. Find the 
pressure in lbs. on each of the four sides, and on the base; 
water weighing 62^ lbs. per cubic foot. 

Answer. — The total fluid pressure on any area immersed in 
the fluid is given by the f )rmula— P = A H W, 

Where A = Area of surface exposed to the fluid pressure, 

H = Depth of centre of gravity of immersed area below 

free surface of fluid, 
W = Weight of a cubic unit of fluid. 
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The shape and dimensions of the tank will be readily seen 
from the figure on previous page. 

(o) To find the total pressure on tlie front A B D. 

' Here, A = A D x D C = 8 x 12 = 96 sq. ft. 

H = I depth D C = 6 ft. W = 62J lbs. per cubic ft. 
.•. Pressure on front ABCD = AHW, 

= 96 X 6 X 62J = 36,000 lbs. 

(6) To find the total pressure on the hack E F M N. 
Here, A = F M x M N = 8 x 6 = 48 sq. ft.; H = | E F =3 ft. 
Pressure on back EFMN = AHW, 

„ „ = 48 X 3 X 62J = 9,000 lbs. 

(c) To find the total pressure on base C B M F. 

Before we can find the area of the base, we must know its 
length C F. From F draw F H parallel to E D, and therefore 
perpendicular to D C. Then C H F is a right-angled triangle 
whose sides are F H = D E = 8 ft., and H C = D C - D H 
= DC - EF = 6ft. 

F = M2 + M E2 = ^82 + 62 = 10 ft. 

A = C F X B = 10 X 8 = 80 sq. ft. 

Again, the depth of the c. (/. of the base B M F is clearly — 

H n= J (D + E F) = 9 ft. 

/. Pressure on base CBMF = AHW, 

= 80 X 9 X 62J = 45,000 lbs. 

{d) To find the total pressure on either side CDEF or ABM N. 

In this case it is perhaps best to divide the trapezoidal area 
€ D E F into two figures whose centres of gravity can be easily 
determined. Thus, the line F H divides the side CDEF into 
A rectangle D E F H, and a triangle F H C. Then the total 
pressure on CDEF is equal to the sum of the pressure on 
D E F H and F H C. 



Area ofD E F H = 8 x 6 = 48 sq. ft. 



,% iVwmMBEFH^ AH W 

^ 48 K S X 62| Ibfl. 

Agrnin, Arw o/'F H C = | H F x H C = ^ x 8 6 = 24 sqT 

Tli« c. ^. of triangle F H C is at a distanoe of | of H G below 
tli# bomontal F H« and thererore at a distance of 6 + ^ of 6 
= 8 feel Mow D E, 

I^wmre F H C = A H W, 

= 24 X 8 X lbs, 

.% Pressure side C D £ F 



or ABM K 



= 48 X 62 J X (3 + 4) = 21,000 M 



Ex tHFLC lY. — A cylindrical vessel, 10 feet long, open at i>ne 
end and closed at tbe otiier^ fbrma a diviug belL It is lowered 
into water with its open end dovp^nwards until the surface of tbe 
water in the cylinder is at a depth of 100 feet. Find how tat 

the water has risen in the 
cylinder, and the pressure 
ofthecontainedair. ( Take 
the height of the water 
harometer aa 34 feei) 

Answer.— 
Let H = Depth of surface 
of water in bt?ll 
= 100 feet. 
„ A — Height of water 
barometer = 3i 
feet, 

J, Length of oylim 
der forming 
bell = 10 feet 
„ £c ^ Heig h 1 1 ha t water 
^ ^ ' ~" rises in bell. 

Before the bell is immersed in the water the presanre of tbe 
contained air is simply that due to the atmosphere. After 
immersion the pressure will be greater than that of the atmo- 
sphere by an amount due to a head of w^ater of H feat. 

Assuming, then, that the air in the bell has been compressed 
according to Eoyle^s Law (pv — SL const), we get: — 
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^res8, of compressed air \ ( Press, of atmosphere 
X Vol, of compressed air J ~ ( x Vol, of bell. 

Vol. of compressed air Press, of atmosphere 
Vol. of bell ^ Press, of compressed air* 

Since the bell is of uniform cross sectional area throaghoat* 

we get:— 

Vol. of compressed air l-x 
Vol. of beU *"7~* 

l-x h 

~r^KVh* 

^ B. + h 100 + 34 '^^'''''^ 

The pressure of the air in the bell when immersed is equal 
to the pressure due to a depth of (H + h) feet of water. 

. • . Pressure of air in bell = a (H + A) W = x 1 34 x 62-5 

„ „ = 58*16 lbs. per sq. inch. 

Example V. — Given two simple bucket pumps, each having 
a stroke of 1 foot, and cross area of bucket, 20 square inches. 
Suppose everything perfectly air tight, and the supply pipe 
20 square inches area in one case, and 10 square inches area in 
the other. Neglecting friction, you are to compare the tensions 
pn the pump rods at ends of first up stroke in each case, suppos- 
iiig the bucket to be 24 feet above free surface of the water in 
the well when at the bottom of its stroke. The supply pipe 
reaches to the under surface of bucket when the latter is at the 
bottom of its stroke. 

Answer. — 

Let P =« Pressure in lbs. per sq. ft. on under surface of 
bucket at end of first up stroke. 

20 

„ A = Area of bucket = tti sq. ft, 
144 

„ A = Height of water barometer = 34 ft. 

„ W = Weight of 1 cub. ft. of water = 62^ lbs. 

„ x = Height water rises in suction pipe for first up stroke. 
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APPENDIX TO PART TI. 
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First Cask. — Lifting or suction pipe having on area equal to 
that of the bucket 

Then at end of first up stroke, we get : — 

I Pressure of air on \ 

upper surface o/> = Atmospheric pressure 
bucket, . ) 

= AAW;6«. . . . (1) 

{Atmos. pressure 
-pressure of 
small column, x, 
of uxUer 

= A(A-a:)W. 

And, T=(h-x)W. . . . (2) 

Since there is exactly the same quantity of 
air between the bucket and the surface of the 
water in the pipe at the end of the stroke as 
there was before the stroke commenced, we may 
apply Boyle's Law to determine the volume of air under the 
bucket at end of stroke. 

P A X (25 - a-) = A A W X 24. 

Substituting, P = (A - ar) W, from equation (2), we get : — 

(h - x) (25 - x) = 24//. 

Since, A = 34 ft., we get, by substitution, and multiplication:— 



First Cask. 



bdx + 34 = 0. 

59 ± 57-83 



ft. 



The minus sign in the numerator of the fraction on the right- 
hand side of this equation is the only one admissible. 

X = ^ = -58 ft. or = 7 inches, nearly. 

Hence, 

fp«^«;^w. f Press, on upper surface of bucket 

Tension in pnmp rod = < ^ ^ i 

*^ - Press, on under surface. 

= A A W - A (A - x)W = Aa: W. 

20 

= Vtt X -58 X 62-5 = 5 04 lbs. 
144 
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Second Case. — Lifting or suction pipe having an area eqtial to 
half that of the bucket 
The symbols denoting the same quantities as before, we get : — 

P^yp ofair<m upper -k^^j^^^^^ 

surface of bvAiket . . ) 
Pressure on under surface 1 _ p a 

ofbucket . . .j"""-^^ 

^A{h-x)W . (4) 

Vol of air betzoeen bucket ) 

^nd surface of water > = J A x 24 

ginning of stroke . j 

„ „ =12 A cub. ft. 

Vol, of air between bucket | 

(^nd surface of water at V =^Ax (24-a;)+A x 1 

end of up stroke . . ) 

„ » = i (26 - aj) A cub, ft. 

By Boyle's Law, we get : — Second Cask. 

- a;)W X J(26 - a;) A = AW x 12 A. 

Substituting A =34, and simplifying, we get: — 
a;2 - 60a; + 68 = 

X = 1-15 ft. or =13-8 inches, nearly. 

Hence, 

Tension in pump rod = A x W. 

20 




144 



X 1-15 X 62-5 = 10 lbs. 



Example VI. — Show, with the aid of sectional sketches, the 
construction of the ordinary hydraulic lifting jack. If, in such 
a machine, the mechanical advantage of the lever or handle is 
12 to 1, and the diameter of the lifting ram is 2 inches, while 
the diameter of the plunger is | of an inch, what weight can be 
lifted theoretically when a pressure of 60 lbs. is applied to the 
lever handle? (S. & A. Exam., 1891.) 

Answer. — The hydraulic jack has been fully described and 
illustrated in the author's Elementary Manual^ Lecture XX. 

Let D = Diameter of ram = 2 inches. 
„ c?= „ plunger = § inch. 
„ a = Mechanical advantage of lever = 12 : 1, 
„ P = Effort applied at end of lever = 60 lbs. 
„ W = Weight raised. 



APPSHDIX TO FAET Tt. 



If Q deiiat€S the pres^ura on the plimger, caused by 
effort F applied at tlie end of the lever, then : — ' 



But, 



W areft of ram D* 

Q area of plunger d-* 



ThiB is a formula glring the relation between W, P, a, D, 
and dt which is equally true for the hydraulic press. 

Substituting the above values in thig formuJa^ we get : — 



W 



50 k 12" 



22 

(IF* 



W = 3,134 lbs., or = 1-4 tons, nearly. 
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QUESTIONS ON HYDRAULICS AND HYDRAULIC 
MACHINERY. 



Fluid Pressuke. 

1. State Archimedes' principle. A cylindrical can is 6 inches in diameter 
and 30 inches deep, and is required, when empty, to stand in a bath of 
water 30 inches deep without being lifted up. To what weight must the 
can be loaded, the weight of a cubic foot of water being 62? lbs. ? Ans. 
30-679 lbs. 

2. A rectangular tank, 4 feet square, is filled with water to a height of 3 
feet. A rectangular block of wood, weighing 125 lbs., and having a sec- 
tional area of 4 square feet, is placed in the tank, and floats with its sides 
yertical and with this section horizontal. How much does the water rise 
in the tank, and what is now the pressure on one vertical side of the tank ? 
^ns. 2 inches ; 1,253-47 lbs. (S. and A. Exam., 1892.) 

. 3. One side of a reservoir has a slope of 12 vertical to 5 horizontal ; what 
J8 the whole amount of the pressure of the water against 50 feet of its 
length, when the depth of the water is 12 feet ? Ans. 243,750 lbs. 

4. In an empty dock the water is level with the sill at the lowermost 
®<ige of the dock gate, the level of the water on the opposite side of the 
S^ite being 10 feet above the sill. The dock gate is 10 feet wide, find the 
pressure in pounds on the dock gate. If the water were at a level of 5 feet 
1^ the dock, the level outside being the same as before, how much would 
the pressure on the gate be relieved ? Ans. 31,250 lbs. ; 7,812'5 lbs. 

5. Prove that when a thin spherical shell is exposed to the bursting 
pressure of gas or liquid the stress in the material is half as great as that 
within the curved surface of a thin cylindrical shell exposed to the like 
pressure, each shell beiug of the same thickness and diameter. (S. and A. 
fixam., 1891.) 

Hydraulic Pumps. 

1. Describe a force pump for supplying water to the accumulator of' 
hydraulic cranes. Sketch a section through the plunger and valves. 

2. Sketch and describe a force pump having a solid plunger, showing the 
construction of the valves. The diameter of the plunger is 24 iuches, and 
it is driven by a crank 2 inches in length making 30 revolutions per minute, 
find the number of cubic inches of water pumped up in 5 minutes. Ans, 
2945-25 cub. ins. 

3. Sketch a combined plunger and bucket pump with index of parts, ex- 
plaining its use and action, also sketch its application to the lifting of 
water from deep mines. Suppose a pump raises 5,000 gallons every naif 
minute from a depth of 600 feet with 30 per cent, loss in system, what is the 
horse- power required? Am. 1874*4 H. P. 

4. Describe and illustrate by a longitudinal section, and such other views 
as may be necessary, the construction and action of a double-acting pump 
and its valves, supposing the pump cylinder to be of 34 inches internal' 
diameter, and to work at a pressure of 700 lbs. per square inch. Of what 
materials would the several parts be constructed? (S. and A. Exam., 1893. )< 
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5, A vertical smgle-itcting jjntnp has to elevate w*ter 50 fat boms. Tfcil 
bore of thf^ piimp iit 6 iach^ ; Htroke» H feet ; number of up strokes, per 
miitute. Find {a) the presatire per square inch on the pump backet wbea 
it is At the bottom of its stroke ; (6) the weight of water diachnrged pii 
minute ; (c) the bor»e power of the eogioe required to drive the pDinpf 
■apposing 30 per cent, of the engine-power to be Lost by frieiLeu* &c 
Sketch an arrangement of the kind. Ans^ (a) 130'2S lbs. per square lock; 

0. Make a aketck of ft centifrugal pump. What form should jou ^ 
to the blades? Estplftln the theory of the action of much a pump# 

7» Describe and thow, with the aid of neoeijaary sketches, the 
tion of the ** Pubometen" JJeHcribe how it worka, and indiOAte t* 
eontriyoncei} iutroiiuced to promote the steady flow of water and to preveiit 
sudden shock upon the apparatim. Is the pulsometer an eEK^nomi^ 
arrangemtfot for raiding water ? f iive reasons for ^'^our answer, Wkst, i! 
any, are itn advaut^^^es over the ordinary piston pump ? (S. and Eaoi. 
Emm.p mi6.\ 

8, Give any method with which you are acquainted whereby the valv^ 
in a pumping engine may be relieved from the ahock due to the inartis ol 
the water in the mains. 

9. A pump for exhausting air from a receiver has a solid piston and on« 
valve in the cosing. Describe, with a sketch, the con^tructioB of the 
pump^ and explain the natnre of the improved form known SkU Sprengeli 
piimpi where a small portion of mercury forms the plBton, and no val¥« \^ 
required. (S. and A. Exam., IS^^^a) I 

1. Sketch in section the oylinder, ram, and leather collar of su hydmnHc 
press. Explain the principle of the press and the manner in which 
escape of water is prevented* Example— The sectional area of thf plnnpcf 
of the ^ovci^ pump is th&i of the ram, and the leverage gained by tito 
pump hiindle is 12 to 1, find the pressure on the ram when a force of 64) 
ibs* is exertetl at the end of the pump handle, Awt. 36,000 lbs, 

2. Describe, with a sectional aketcb, a hydraulic press where the r&m ii 
act un ted in both directions* 8how the position and forms of the cu^ 
leathers* 

3. The return stroke iu an hydraulic press is often accomplished by form* 
ing the ram like a piston with a very large piston-rod. Sketch iu loagi- 
tudinal section sucii a presB, showing the arrangement of the leatken. 
What will be the roIatiT, e speeds of the forward and return strokes of tlw 
ram when the larg&r and siinaller diamatctis are 15 inchea and H inchei 
reapectively, the pumps for the supply of water running at the same epEi«^ 
in both cases? (S, and A. Adv, Exam., IS94.) 

4. In some hydraulic presses a single valve, held down by a iever Witl 
weight, is nseil both to indicate and relieve the pressure. Sketch the 
valve in position and explain its action. 

Htdraui-iu Ceanes anu Hoists^ 

L Make a section through the cylinder of an hydraulic cran© with tm 
powers as applied for raising weights. Give a geuerai degcription of felie 
crane, and explain the mode of working it by referring to your sketch. 

2. Describe the general ooostruction of the lifting apparatus in the 
hydraulic crane, making a sketch of the cylinder and ram. Show the 
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metliod of obtaining two powers from & smglia cylinder. In what way 3S 
the puHeif principle applied in such cranes ? 

3» In an hydraulic crane wiih twa powers ahow (1) the apparatus for 
lifting the weighty. (2) the method of slewing or rotating the jib of the 
cr»ne. 

4. Make a sketch of & lO-ton hydraulic jib crane in which the lifting 
cylinder ia carried in the pillar or post of the cranen What would be the 
diameter of ram required in the arrangement you adopt, sqpposiog water 
to be supplied to the crane at a pressure of TOO Iba, per ijquare inch^ 
neglecting friction, &:c. ? (S. and A, Exam., 1891.) 

5. What is the object of a relief valve in an hydraulic crane, and where 
is it placet! ? Sketch a longitudinal section through the cylinder and ram 
of a crane working at two powers. Explain the mode of action. (S. and 
A. Exam,, 1888.) 

G» Dcscribet with sketches, some form of hydraulic lift, and the manner 
in which it is worked. (S- and A. Exam., 1B89.) 

HVURAULfC APPLIAJ^CES, 

1 , Sketch a section through an bydraalic lifting jack and hydraulic bear^ 
and describe the manner in which the preaanre exerted on the handle is 
transmitted to the ram. 

*2. A 4 ton hydraulic lifting jack has a lifting ram of 2 inches in diameter, 
and a pump plunger of I inch in diameter. The jack is worked by a lever 
handle, the leverage being 16 to 1. What prdssnre must be applied at the 
e.nd of the handle in order to lift a load of 25 cwts., if the efhciency of the 
machine 13 SO per cent.? Make a vertical section of the jack, allowing the 
valvcB and the mode of cotmecting the lever with the pump plunger. How 
can the weight bd lowered fllowly and regularly without jerks? (S. and A. 
Adv, Exam,, 1894.) 

3. Exrplain, with the aid of a sectional sketch, the action and eonat ruc- 
tion of the hydraulic jaok. How la the pressure taken off and the load 
alowly lowered? If the ram is 2 Inches in diameter, the pump plunger 
^ inch, and the mechanical advantage of the handle 10 * what ia the total 
mechanical advantage, neglecting friction. (S. and A. Adv. Encamp, 1897.) 
See An thorns Eiemeiikirit ATamtiiL 

4. W^hat are the advantages in forging large masses of steel by hydraulic 
pressure over the same operation performed by the steam hammer f Show 
clearly, with the assistance of the necessary sketches, the method em- 
ployed in hydraulic forging presses for bringing the ram or pressing surface 
rapidly back from the work after each application of the pressure. (S. and 
A. Hons, Exam., 1896.) 

5. Describe clearly and show with sketches the construction and action 
of any one form of portable hydraulic riveting machine with which you 
are acquainted. Show clearly the valves and connections by which the 
pressure is applied to close the rivet, and how the pressure is released and 
the tool withdrawn from the rivet head when the riveting is completed. 
How is the water pressure conveyed to the machine ? (S. and A, Uons.^ 
Exam., 1895.) 

6. What is the use of an intenaifier or intensifying accumulator in the 
working of hydraulic machinery ? Sketch such an apparatus, and ex]>lain 
fully its principle and constructioo ; give also one example of the applica- 
tion of the intensifier to hydraulic machinery. {S« and A, Adv, Exam,, 

mm. 



7* Deacribe a Yf^rtical br^^ast water-wheel of large size. How should the 
bQckete be marie, and in what manner is the driving presaure of the wheel 
communicated to the shaftitig which it actuates ? State the rQasonB for the 
Qoti&truction to which you refer. 

Describe^ with a sketch and index of parts ^ a vertical flow turbine. 

9. Sketch the wheel and case of an inwat-d flow turbine for a fall of 50 
feet } S ciibio feet of water per second. Calculate the diameter a and 
breadths of the wbeelj the number of rev^Dluttona per minute^ a.iid the 
si^e of the shaft. (S« &nd A. Hons. Exam.^ 1^97^) 

10. Water is flowing fairly uniformly in a near! j rectangular ohaunel 
throui^h a meadow ; it has fallen from a height of 30 feet., State how you 
woultf proceed to find, with a very rough approve imation to accuracy, the 
water power of the falL What measurements would you find it neeess^ry 
to make ? (S. oud A. Adv. Exam. , 1S97. ) 

IL Sketch a water ram, and explain its action. 

12. Describe the siphou^ and explain its action. In a siphon, on a large 
scale, employed for drainage, a stand pipe, commonicating with an air 
pump^ id attached to the top of the siphon tube, also the stand pipe is fltted 
with one or more tapa for the admission of air. For what pnrpoaes are 
the air pump and the air taps respectively required? (S, and A, Eicam.^ 
18S7.) 

13. Explain the advantage to be derived from making the len^fth of 
stroke of an hydraulic engine adjustable. Describe and give sketches of a 
construction for this purpose. 

14. An eacape valve^ loaded partly by a weight and partly by a springs 
is fitted to a main conyeying water under pressure, and is required to open 
automatically when the water pressure rises above a certain amount* 
Sketch and describe the construction of such a valve when arranged on the 
double beat principle, and explain clearly the hydrostatic principle ia* 
volved therein. {B. and A. Exam., 1890.) 
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The EaJtiic S«wpice W^rkt 
Chi*wick. 

Kington -on-Th&ffiet^ A. B. C Frocets^ 

Saiford Worki. 



Kev Maiden, Cheaiic»l TreaUaenI «ii 

Sfn^U Filr«rini, 
Friena Barckri: 

AttoD, F«rD£Dne and Po)*nte Frwdt 
lUbrfl, Cliad well, and Dajicaiiam Wvhi 

Wimbledon- 
BirmbAham- 

PttrtiiBjOiilli. 

BERLIN Sewage Farmi. 
Srwage Predpitatioo Workf^ Boft 
(Gemwny't. 



%* Fratn the fact of the Au thorns haTuif^* for lome years,, had chjuse of tbe H>d 
Drainage Works dfthc Northen SectiaD af the Uetropolit^ the chapter on L^itdo}' viH k 
fo>itaii to cootain nvxny importajii details which would not other wise have be^n available. 

" AU perftoat interated. in Sanitary Sdence owe a debt ol gratitude to Mr. Criup^ 
Mil wodk: wiO fet eipedalty ui«ful to Sawitait AuTHoainas and their adirken . - 
KHP«KMTi.v FRACriCAL AMTtj us.aFUL . . . fiv«s plaiu and deacriptiaoi of liAKT or tbi 
Horr mraitTANT sairAGC wotKS of Eaglaad . . ^ trith very "nJuable infbtmatiw at u 
iba COST of cDoatTuction aad workirig of ^fecb- * - ■ The carefully-prepfuned dnwipgi 
vii oJ* an euy ca»panion between E£.e diderent lyftcfna.*^ — Itmniti- 

" Probably the most coKPUtTK aitd aurr TKKATiiKaa the subject which haa appra^t^ 
to «r laHfnage . Will prove of the £t«<i,tott um to all who have ihe pcooic* 

5«wiige Di^oaal to ^o^^—MAm^t^A Mtdk^i/fttnml 
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GAS, OIL, AND AIR ENGINES: 



Practical Tezt' 



Combustion Motors 
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Book on Internal 
without Boiler. 
By BRYAN DONKIN, MJnst-C.E., M.Inst.Mech.E 

Second Edition, Revised throughout and Enla,Tgetl, With numerous 
additional llIustra.tions. Large Svo. 25s. 

GsinxAL Cdh TINTS. —Gas Engines:— Gtncnd Uescriptioii— History atid Devdop- 
British^ French, and Geriin^ Gai Enfiincsi— Gas Production for Motive Power — 
Theory of the Gas Engine — Chemical Composition of Gas m Gas En gities— Utilisation of 
Hcat^ Explosion and CombustiDn. Oil MotOI*S :— History and Development— V^arioua 
Typu-Priestman's and other Oil En^es. Hot-AlP EnfflQQS ;— Hbtory and BeTelop^ 
nent—Vanotis Types : Sdrling's, Ericsson's, &Ch, ^c. 

*"nse BEST BOOK NOW i-t^ELi^HRD oti Ga*:, Oih and Air Engines. . . . Will be of 
GJtKAT iMTimitST to the numerous practical engineers who have to make themaeWes 
fumtia,r with the motor of the day. , . . Mr, DonLirL has the advantage of LOHdi 

'KACriCAL EXPERIEKCK^ COnnbined with KtGH IkCiBprTtriC AMD fXPERTMENTAL KHOWLSDGE, 

*nd an accurate perception of the requircmenEB of Engineers*"— T'Ar En^Hitr* 

^'We HjEAftTiLV RKCOHHEND Mr. Bonlcui's work. ... A monumciit of careful 
l^Mun * » * Luminoys and coinprchensive."— 
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In Quahto, Cloth. 

(THE HEAT EFFICIENCY OF). 

With many Tests and Es:periments on different Types of ^ 
Boilers, Land and Marine Heating Value of Fuels, 
Analyses of Gases, Evaporation, and Sugges- 
tions for Testing Boilers* 

By BRYAN DON KIN, MJnst.C.K 

GeneraI. Contents, — ClassificatioiJ of different Types of Boilefs- 
425 Experiments on English and Foreign Boilers with their Heat Efficiencies — 
fire Grates of Various Types— Mechanical Stokers—Combustion of Fuel in 
Boilers—Tranamis^ion of Heat through Boiler Plates, and Iheir Temperature — 
Feed Water Heaters, Superheaters, and Feed Pumps—Smoke and its Pre- 
vention — Inatmment^ for Testing Boilers— Marine and Locomotive Boilers — 
Fuel Testing Stations — Instructions for Boiler Experiments, &C. — Bibliogtaphy 
— A ppe ndices — T nd ex . 
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0HARLS8 QEIFFIN ^ OO.'S FUBLfOATIONS. 



Second Edition, Re?/ijed^ RapMi 8«v* Wiik num^rm^s Hiusttneitims and 
13 Zithtfra^Mif Ptatti* Handsome Cl&ih^ Price jcv. 

BRIDGE-CONSTRUCTION 

(A PRACTICAL TREATISE ON); ^ 

Being a Text-Book on the ConitracUon of Bridges in ■ 
Iron and Steel H 

FOR THE USE OF STUDENTS, DRAUOHTSMEK, AHD EHGIHEERS, 
By T. CLAXTON FIDLER, M. Inst. CK, 

¥mt of En^innmit, Uniirersttr CDUege, Dundee- 



GENERAL CONTENTS. 

Part L — Elementary Statics i—Definiiions— The Opposition and 
Balance of Forces — Bending Strain — The Graphic Representation of Bending 
Momenta. 

Part IL— General Principles of Bridge-Construction : — The 
Comparative Anatomy of Bridgea— Cornblned or Composite Bridges- 
Theoretical Weight of Bridges— On Deflection, or the Cnrve of a Bended 
Girder — Continue, us Girders. 

Part IIL— The Strength of Materials ;— Theoretical Strength of 
Columns — Design and Const ruction of Stmts — Stren^h and Construction of 
Ties — Working Strength of Iron and Steel, and the Workiog Stress in 
Bridges — Wtihler's Experiments. 

Part IV. — The Design of Bridges in Detail;— The Load on 
Bridges — Calculation of Stresses due to the Movable Load— Parallel Girders — 
Direct Calculation of the Weight of Metal— Parabolic Girders, Polygonal 
Trusses, and Curved Girders — Suspension Bridges and Arches ; Flexibk 
Construction — Rigid Construction — Bowstring Girders used as Arches or as 
Suspension Bridge— Rigid Arched Ribs or Suspension Ribs — Continuous 
Girders and Cantilever Bridges— The Niagara Bridge— The Forth Bridge^ 
Wind-Pressure and Wind-Bradng ; Modern Experiments, 

"Mr* Fjdlbb'b sttcoehs arisea from the combination of eiperhjick and 
ilMPLIOITir OF THKATMRNT diaTilft:jFefl on every page. , , , Theory ji kept in 
■nbordination to Practice, ana hja book l&, therefore^ aa naefial to girdsr-maken 
■a to Btudenta of Bndge Construction.*'— Tht jirrAitecf. 

" Of late years the American treatiiee on Practical and Applied MeohAnioi 
have taken the lead . . . sinca the opeuicg up of a ya»t coutixient hai 
given the American enpneer a nnmher of new^ bridge -problems to boIv» 
* . . but we look to the frkhw TRBATiaR on Bmt>gR'Con9TBUCT10N, and 
the Forth Bridge, to bring us to the front aj^ain/'— A'ni7in<r«r. 

''One of the vbry bhst rbcint worrs on the Strength of Materiala and itt 
application to Eridge-ConatrnctioiL , , Well r^paya a careful Sttidy.'*— 

'*An iNDiaFBNBAELR HAKDBOOK forth© practical EnginwT.**— iVoiitiT. 
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Fou rth Edition. Folio, strongly half-boond, 21/* 

TRAVERSE TABLES: 

Computed to Fouf Plaees Decimals fop every Minute 
of Ang^le up to 100 of Distance, 

For the use of Surveyors and Enifineers* 

HV 

RICHARD LLOYD GURDEN, 

Authorised Surveyor for the GoTemments of New South Wales and 
Victoria, 

IH^luA^ wiik Cmcurrmct pf tht Sumeyeri-Gemnd for Nrw Sowiih 

Walts and Victoria. 

** TtuMc irh{> have experience m exact Suavkv-work: will best know how to xppreriftu 
the cDonnoiu uDount of labour rtpresentcd by thii raluable btJOlt. TKt coinputatiDMi 
suable the user to sucertun the aiae$ abd coiiuei for A disiancfi of twelve miles to withia 
half %s% ioch, this bv RBrnfttriCE to sut Qkx Table^ in place at the ustiAl FlAeea 
Huiut:« camptitatiam tequirecLr This iIqelc Li evidence of tbe asmtaoce which the Table* 
•wure to every lutTj and ai every Surveyor iti active j^i^kctice hu felt (he want of auck 
iwnHmct^ frw kiio>wuiff of their pubUcatiOD will renuun without ^vm^—MngigMr. 



In Large Svo. With Num&rous Illustmtimu. Price 7s. 6cL 

VALVES AND VALVE-GEARING: 

mCLUDlNG THE CORLISS VALVE AND 
TRIP GEARS. 

BY 

CHARLES HURST, Practical Draoghtaman. 

*' CoRCLSB etplafifttiDtta fnuatmtcd by 115 V£&ir cutAii uTAtjaj^JKti!. and dm wings nud 4 foMiiiK' 
plKt£» - . , the bDfjk fuKilB a VA1.UAALB func$iDn/'^^filt:fK£!iini, 

*'Mjl Htit^HV'e VAtVEB and VAttK GSAnTi^if; will i»rovo a vory vEiluable ald^ aud tend to th& 
prodar tloti of Bni^ues ofBciaHTif Tc Dfi^Hit;:^ ATkd Eco^OMrcAii WoaE|B)»H » * - Will btj largely 
flOttglit aftef by Studcuts and lJ«aij7oer«."^jUarinr Kii^ium\ 

*^ UsE^mL and Tnoa(^pgFi4T ruACTTciL. Will un^oubCQdlj be found of obeat talue to 
all miDticornBd with tbe deaigm of Valvw-gflaring.*'— J/f(?Ai?rt'»f[t/ ?rof'W. 

AltDOflt tVBE* nrpB of valve fttirt iTB giCELrlDir is cLeArlv sot forth, and lllUKtrated in 
flnch & way aa to be heapilt uiijDk£3T0Ci> and J iiACTiCALLr APPLmp by either the Kti^neor, 
DraughtHman, or Student , . . Should prove bath usEfu Land valuaiUhS to all Engineer h 
■eeking for RB.i.i;iBLs and glbab InfortnatUfn on tha t^ubjc'cv Iti moderate priee brings It 
within the Tearh of all ' —InduUriu ami irm. 

" Mr, HDTt-HT worfe la at>hibibi.t suited to the needa of tbe prftetlcal mechanic. . , * 
It la freo from uTiy ekborHte theciTetie&H dJi^oaaslonH, imci the extflfinattcne of the t&Houh 
tfpes of Tftlve-gear are aecon) panted by diagrama i^bich render them lAaar trl7i>B£BTO0D." 
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WOMKB BY 

ANDREW JAMIESONp MJxsT.CR, iLLE.R, FJt&R, 



PROFESSOR JAMIESON'B ADYAKCED MANUALS. 

Ih Large Crmtfn FaUy Iiimtra^^. 

1. STEAM AND STEAM-ENGINES (A Text^Book onV 

For the Use of Students preparing for Competitive EiamuntieM 
With over 200 Illustration^^ Folding PUte^, and ExaioiiiatioD Fapei^ 
TwRLFTH Edition. Revised and Enlarged, 5/6. 

" Pre^elMr JwoucKH fucioAtei the reader by his clsarttsss or ccmcmmait Aim 
tiUrtiCtTif or iXFAiSfitoK. His trcAtment rec^ls the lecturtag of Fai^da-j." — Alktmmmm 

*' Th« Bjut Book ftt pubUihed for the uac orStudcDtt/*— £fynwvr. 

" Undoubte<I]y the most vauuablb ako host couPLm Uaad-book on tht m^rtt 
Dhttt now exiiU."^ — MArtttt Enf^imMtfy 

2. MAGNETISM AND ELECTRICITY (An Advanced Text- 

Book on). Specially arranged for Advanced and '* Honours" Student*. 

3. APPLIED MECHANICS (An Advanced Text<Book on). 

VuL I, — Comprising Part L i The F*rinciple of Work and its at)plica* 
tlons; PartlLi Gearing, Pnce 7s. 6d. Second Ei:htion\ 

'* FiJ'LUV MAIM TAINS the reputatioD of the Author— more we cannot sty^,**— /*fw/« 
Mngimfr. 

Vol* IL' — Comprising Parts III, to VL ; Motion and Energy; Graphic 
Statics; Strength of Materials; Hydraulics and Hydraulic Machinery* 
Price 7s, 6d. [AVw rMiiy, 



PROFESSOE JAMIESON S INTRODUCTORY MANUALS. 

With numiri?t4S liUujtrations and Examit%ati<m Paptrs. 

1. STEAM AMD THE STEAM-ENGINE (Elementaiy Text- 

Book on)* For First- Year Students. Fifth Edition* 3/6. 

*' Quiie lUe RiuiiT SORT OK KtOK / — jEwfTM/rr. 

*' ahvutd be in tht hind* of EVKpry engineering apprentice.'' — Fra^tiiAl En^mtir. 

% MAGNETISM AND ELECTBICITY (Elementary Text- 

Ik)ok on). For First- Year Students. Fourth Edition. 3/6* 

*■ A tAfJTAL TlXT-aooK , , . The diigrams are an important feature.*'— ^fA4i«/(«wf*irr. 
A TJItmoUOMt.v THusTWoiTHY Text-book. . . . Arraneeincnt ai fomj a* well 
can bt. , * . Dbgram^ are alsoi excellent. . ■ . The subject thrckufhout treated ai an 
o**entUHy J'HaCticai. one, and very clear mstructioiu fiven.' — Mh?*e«. 

8. APPLIED MECHANICS (Elementary Text-Book on). 

Specially arranged for First -Year Students. Second Edition. 3/6, 
** NgtbiflK i? ukcn for gratited. * * . The work has vesv ntc» quautims^^ whk^ 
m,xy be condeni^'ed iiito the one word *CLEAit**^ — Scitncf and Art, 



A POCKET-BOOK of ELECTRICAL RULES and TABLES. 

FOX THE USS OF ELECTS IClAffS AND ENGINBSRS. 
Pocket Siie, Leather, Ss. 6<3. Twttfih Editian. 
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SxoovB EDmoN. Enlarged, and veryfuUy lUustrated, Cloth, 4«. (UL 

STE AM - BOI LE RS: 

TH&IR DEFEOTS, MANAaSMENT, AND OONSTBUOTION. 
By R D. MUNRO, 

Gd^EnginMT ^fk§ ScoUUh BoiUr Inmramee amd Sngim ln$p0etiim OomuMmy. 

General Contents.— I. Explosions caused (i) by Overheating of 
Plates — (2) By Defective and Overloaded Safety Valves — (3) By Corrosion, 
Internal or External — (4) By Defective Design and Construction (Unsup- 
ported Flue Tubes ; Unstrengthened Manholes ; Defective Staying ; Strength 
of Rivetted Joints; Factor of Safety) — II. Construction of Vertical 
Boilers : Shells — Crown Plates and Uptake Tubes — Man-Holes, Mud- 
Holes, and Fire- Holes — Fireboxes — Mountings — Management — Cleaning — 
Table of Bursting Pressures of Steel Boilers — Table of Rivetted Joints — 
Specifications and Drawings of Lancashire Boiler for Working Pressures (a) 
80 lbs. ; {d) 200 lbs. per square inch respectively. 

This work contains information of the first importance to every user of 
Steam-i)ower. It is a practical work written for practical men, the 
language and rules being throughout of the simplest nature. 

" A Taluable companion for workmen and engineers engaged about Steam 
Boilers, ought to be carefully studied, and always at hand."— Co^ OuardiatL 

''The book is very useful, especially to steam users, artisans, and 
young engineers." — Engineer. 



By the same Author. 

KITCHEN BOILER EXPLOSIONS: Why 

they Occur, and How to Prevent their Occurrence. A Practical Hand- 
book based on Actual Experiment. With Diagrams and Coloured Plate, 
Price 3s. 



NYSTROM S POCKET-BOOK OF MECHANICS 

AND ENGINEERING. Revised and Corrected by W. Dennis Marks, 
Ph.B., C.E. (vale S.S.S.), Whitney Professor of Dynamical Engineering, 
University of Pennsylvania. Pocket Size. Leather, 15s. Twentieth 
Edition, Revised and greatly enlarged. 
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Id lATge S¥o., HAddiom Cbtb. With anmeroaB Pktea reduced from 
WorfEt&g DrawiogB ^iid II I cat rations in th€ Text. 

THE DESIGN AND CONSTRUCTION 

OF 

OCOMOTIVE ENGINES 

WITH AN HISTORICAL INTRODUCTION. 

Fop the Use of Engine Builders, DeslgTiers, and Draughtsmen, 
Railway Engineeps, and Students* 

WILLIAM FRANK PETTIGREW, MJnst,C.E, 

With a Section on Americaii and Continental Enginea. 

Br 

ALBERT RAVENSHEAR, B,Sc., 

OJ Her Majesty's Batenfe OJBoa. 



Large Crown %yq* With Dumerotit lUoBtratianB, 

ENGINE-ROOM PRACTICE;: 

A HANDBOOK FOR 

Engineers and Officers in the Eoyal Navy and 
Mercantile Marine: 

INCLUDING THE MANAGEMENT OF THE MAIN AND 
AUXILIAKY ENGINES ON BOARD SHIP, 

BY 

JOHN a LIVERSIDGE, 

EogSmeeTj B^H., A.M.I.C.E., InHtmctor in JlppUcd Mechuulcs at the Bofm] ITtTAl 
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WORKS BY 

. J. MACQUORN RANKINE, LL.D., F.R.S., 

LaU Rtgiii^ Ptofetsur of Chit tngftteerifjg {ft the i/niuenUy *?/ Gfasgow, 
THOROUGHLY EK VISED BY 

W. J. MIL L AB, 

lat€ Secrwtarff to the fttstitutt of Engln^rt and ShipifuUd^n In Scotfemtt, 



I. A MANUAL OF APPLIED MECHANICS : 

CompriBiBj^ tb« Prindplea of Statics and Cinematics, and Theoiy of 
Structures^ Mech^ism, and MacliiiieH. With Nutneroui Diagrams. 
Grown Svo, cloth, 12a, 6d. FiFTfifiiSTH Editiok. 



II. A MANUAL OF CIVIL ENGINEERING : 

Comprising Engineering Surveys, Earthwork, Foundations, Miwonry, Cir- 
pentry, Metal Work, Roads, Railways, Canals, Rivera, Waterworks , 
HarbourB, &c. With NnmerouB Tables and Illuitrations, Crown 8vo, 
cloth, 16s, Twentieth Eomoir, 



III. A MANUAL OF MACHINERY AND MILLWORK : 

Comprising the Geometry, Motions, Work, Strength, Const ruction, and 
Objects of Machines J kc. Illustrated with nearly 300 Woodeuti. 
Crown 8vo, cloth, 12s, Cd, Sev^inth Edition. 

IV. A MANUAL OF THE STEAM-ENGINE AND OTHER 

PRIME MOVERS: 

With a Section on Gas, Oti>, and Air Enoikeb. By Bhtak Don eh;, 
M.lDat.C.E. Crown Svo, cloth, 12a, 6d. FotTSXSBHTH Edition. 
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CBABLSS ORirFTir 4 ffO.'S PlTSLlCATJOt 



Pxor. Rankini's Wokjcs — {Ctfi/imtttdy, 

V. USEFUL RULES AND TABLES : 

for Architects^ Builders, Engmcers, Founders, Mech^nicii Shipbiuldefi* 
Survey ora, ftc. With Appbndti for the uBf? of Ei^ectkioal ENOH^uMir 
By Professor Ja9IIE30N} FJl.S.E. Seventh Ei^iTioif, 10s. 6<L 

VL A MECHANICAL TEXT-BOOK: 

A Praotloal t^nd Simple Introcluction to the Study of MccbaDic«, Bf 
ProfeftBor Uankikr and E. F. Bambee, C.E. With Numeroue lUm- 
trationa. Crown BvOf oJoth, 9a. Fotjbth EDlTlOlff. 

*** Tht " Mki BAKttJAL. Tkxt-Book " leof ihtiffned by Professor EuiKiiim mi am J>Mn»- 
Dvcrcioii ifif thi abttet Stt tet of MarvuaU. 



TIL MISCELLANEOUS SCIENTIFIC PAPERS. 

Eoyal Bvo. Cloth, 31s. 6d. 

Pjirt L Papers relating to Temperature, Elasticity, and ExpatI 
Vftpoura, LiquidB, and Solidi. Part II. Papers on Energy and its Trans- 
formationa. Part III. Papers on Wave -Forms, Propulaion of Vesaets, &o* 

With Memoir by Profeaaor Tait, M, A. Edited by W, J, UiiXAB, C.J 
With fine Portrait on Steel, Pktes, and Diagrams. 

"No more endunn£ Memorial of ProfeMor Rankine cmild be dcTutd than the public 
tioQ of the^fr p»pen in AcccusLble form. . . . The Colkctinn ii most valuable t 
account of the nature of hU discoyeriei, and the beauty and compJeieueti of hii iOaiiyTOt. 
- , ♦ "H e Voliunc enceeds in unpwtuce may work In the wi 
in our life* **— ^ rtJkiltct. 



SH ELTON-BEY (W. Vincent, Foreman to the 

Imperial Ottoman Gun Factories, Constantinople) : 

THE MECHANIC'S GUIDE: A Hand- Book for Engineera ujd 
Ai1ixan&. With Copious Tables and Valuable Recipes for Practical U 
lUmitrated, Ste^itd EdUim* Crown Sto. Cloth^ 7/6, 
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SEGOJ^D EDITIOJf, Bevised and Enlarged. 
In Large 8vo, Handsome cloth, 84^, 

HYDRAULIC POWER 

AND 

HYDRAULIC MACHINERY. 

BT 

HENRY ROBINSON, M. Inst. C.E., F.G&, 

FBLLOW OF king's COLLBGK, LONDON ; PKOF. OP CIVIL BNGINBBBli(G» 
king's COLLKGK, BTC., BTC. 

TRUitb numetou6 xnioodcuta, and SiiV^^Knt platea* 



Gknkral Contknts. 

Discharge through Orifices— Gauging Water by Weirs — Flow of Water 
through Pipes — ^The Accumulator — The Flow of Solids— Hydraulic Presses 
and Lifts — Cyclone Hydraulic Baling Press — Anderton Hydraulic Lift- 
Hydraulic Hoiste (Lifts)— The Otis Elevator— Mersey Railway Liits— City 
and South London Railway Lifts — North Hudson County Railway Elevator — 
lifts for Subways — Hydraulic Ram — Pearsall's Hydraulic Engine — Pumping- 
Ei^lines — ^Three- Cylinder Engines — Brotherhood Engine — R^g*s Hydraube 
Engine — Hydraulic Capstans — Hydraulic Traversers — Movable Jigger Hoist — 
Hydraulic Waggon Drop — Hydraulic Jack — Duckham's Weighing Machine — 
Shop Tools — Tweddell s Hydraulic Rivetter — Hydraulic Joggling Press — 
Tweddell's Punching and Shearing Machine — Flanging Machme — Hydraulic 
Centre Crane — Wrightson's Balance Crane— Hydraulic Power at the Forth 
Bri^e — Cranes — Hydraulic Coal-Discharging Machines — Hydraulic Drills 
Hjdxaulic Manhole Cutter — Hydraulic Drill at St. Gothard Tunnel — Motors 
with Variable Power — Hydraulic Machinery on Board Ship— Hydraulic Points 
and Crossings — Hydraulic Pile Driver — Hydraulic Pile Screwing Apparatus — 
Hydraulic Excavator— Ball's Pump Dredger — Hydraulic Power applied to 
Bridges — Dock-gate Machinery — Hydraulic Brake — Hydraulic Power applied 
to Gunnery — Centrifugal Pumps — Water Wheels — Turbines — ^Jet Propulsion — 
The Gerard-Barr6 Hydraulic Railway — Greathead's Injector Hydrant — Snell's 
Hydraulic Transport System — Greathead's Shield — Grain Elevator at Frank- 
fort — Packing — Power Co-operation — Hull Hydraulic Power Company — 
London Hydraulic Power Company — Birmingham Hydraulic Power System 
— Niagara Falls — Cost of Hydraulic Power — Meters — SchtJnheyder*s Pressure 
Regulator — Deacon^s Waste- Water Meter. 

" A Book of great Professional Usefulness.**— /rvw. 

The SK€X)in> EDmon of the aboTe important work has been thoroughly revised and 
tMronght np to date. Many new full-page Plates have been added— the number being 
fnoreased from 43 in the First Edition to 69 in the present 
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3ILITY OF SHIPS. 



SJ3 J. REED, K.C.B., F.R.S., M.P., 

IBBS or IT. ^AHTLAUX Of ItUSSIA ; F1EAMC13 JOSMTH 
0f WKlCBV; AND 5UH QF JATA^ ^ TIC» 

* Tits IHSTITUTJOH OP NAVAL AACHtTACTt. 



Himiraiumi and Toilet, 



tar the purpD» of pj.ad.D^ la the hands of Hani CoftStmctDiv 
■ Kojnl mtid MercantUe Murine^ and ^1 Smdeais of Nan! Sdence, 
- efait StabUitj qF Shiptj uid u the only work to the 

Elf with the subject. 

«ark conLplctc for the purpose! of th« Shjpliuilder, whetha- »t 
p4i of CaJ^lation introduced hy Mr^ F« K. Barkb^, Mr. Gkat, 

and Mr^ Bsnjamik, are all ^iven Bcparatel^, Ulustrmted 
.umpLeSe The book contuni mort than «^ Dkff^^i, and a 
'jQ«r actusJ easel ^ derived frgm ihipi. of aJI descripttooii bof 
: jiia-cuitile Mariiie* 

I Miiffd lo conititutc the mmt comprehensiirc sad exbjuistiTa Tnliii 
1 oa the Science cf the OTA vrUTV SiUP$» 



* Staihuw of Sitifs ' ii iNVAT.trAiLV. In it the STUDrar, acw 
xb« path, prepared for him, and all difficuJucs explAUied *ith tht 
the ^Hip-i^RAuaHTaMAH will find all the methods of cai^ndatioa n 
d and illuitrated, and accompanied by the Tables aud F«ms 
hUJ ^d the variatiDiu m the Stability of Ships due bo dL^fereikoo 
I, itt^y diacujised, and the deviceH by which the slate of bis ahip& uMa 
nHybiUy- represented atid easily und^rsLood ; the Naval Arcuitsct 
l^vfldnady to hi£ hand^ a nia^ oi inrormation which he wouJd oilier' 
t cndlesa variety of publications^ and some of which ke w^nM 
>Ml«ui at all elsewhere/' — Sttumthifi* 

ABLE wosuc . . canniit be too hiflily reooQuiMDded IB 

f sis."— /tow. 

5 vTISE, * . . the MOST JltTVLLJGtBLS, tmTmilCTITB, U 

k ci^aMTiAL ONB fcT tli« shipbuildiiic pnfeuiaib*'— fr«f /wffHj^ 



90MPANI0N-W0HK. 



AND CONSTRUCTION OF SHIPS. 

IQlttfl HARVARD BILES, MJnst.RA,, 

X \ t»*l Architecture in the UniversLty of Glasgow, 
Active Prefamtim. 
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T]i.l]:<t«enth Bdltlon. Price 



Demy Svo, (Jloth. 



Wiih Nmrieroui HiwtlrcUkfna^ reduced from 
Working Drawingt^ 



A MANUAL OF 

MARINE ENGINEERING: 

COMPRISING THE DESIGNING, CONSTRUCTION, AND 
WORKING OF MARINE MACHINERY, 

By A. E. SEAT ON, M. InsLC. E., M. InsL Mech. E., 
M.InsLN.A. 



GKNKRAL CONTENTS. 



Part L— Principles of Marine 
Propulsion. 

Part IL—Prinetples of Steam 
Engineer Log* 

Part III.— Details of Marine 
Engines: Design and Cal- 

V The TMifLTEETiTii liuiTiofi includes 



with liluitraLtiotiA af tbe leading T>'p«& 



culations for Cylinders, 
Pistons, Valves^ Expansion 
Valves, &c* 

Part IV,— Propellers- 
Part v.— Boilers, 
Part VL— Miscellaneous. 

Chapier on Wateu-Tusk BottEltS, 



'* ln the three-fbld capactty af eaahVinff a Student to lekm how to dtiiign, constmot, 
tnd work a Marine Steam* Knifine. Mr. Seafcofi'i MaiiuaJ hae NO R}VAh"^Tim$tn 
"The impirtant iubject of Marine Engineerinfl: is he3*e treated with theT^OHOUOB- 
tESS that It requires. Ho department hma escaped attetRion. . . . Oives Cti« 
vetulte of mucn cicAe study and pr&cLical work."— fnmjideHn^. 

"By ^J* the BEST M 4PiUiL m eitiatenoe, . * . U i vet a complete account of tb« 
BCdliodi of solving, with tiie utmost pouibJe economy ^ th^ probletus before the Marine 
^ineer.' ^it^nmtm . 

''The Student, Draui^htiman, and Engineer will find this work tlie nott tiluabls 
IIBO0H Keferencti on the Marine Eni^ne now in esuitence.'^— Ifarrnd Engirtetr. 



Fourth Emtiok. With Diagrams, Focket-Si^e, Leather* 8a, fid, 
A POCKIJT-EOOK OP 

MARINE ENGINEERING RULES AND TABLES, 

FOR TUS USE OF 

Kartne Engineers, Naval Architects, Designers, Dranghtsmen, 

■ Superintendents and Others. 

A- K SEAT ON, M.LO.K, M,I,Mech.R, M,LN,A,, 

AND 

EL M. EOUNfTHWAITE, M.LMech.E,, M,LKA. 

"Admirablv fulfils its purpose." — Marimt Enfwurr. 



LONDON : CHARLES GRIFFIN & CO., LIMITED, EXETER STREET, STRAND. 
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aSABLMS QMiFFlN^ S €0/3 PUBLTOATIOm, 



WORKS BY PROF, ROBERT H. SMITH, AssocMJX.E., 

1I.LM.EL, 1LL£LIL, M.PiMlLMLR, WML StJ*!., M.OrtiMeiji 

THE CALCULUS FOR ENGINEERS 
AND PHYSICISTS, 
Applied to Technical Problems. 

WITH BXT£NBIV1S 

CLASSIFIED REFERENCE LIST OF INTEGRALS, 

Bj PKOF. ROBERT H. SMITH. 

a F, MUIRHEAB, M.A., B.Sa, 

Fprm^rly CIi.rk Fellow QhMgfyv/ Unitcriitf, Looturer on MathflmAtita tti 

In Crown 8uo, extra, wifh Diagratiis aftd Folding' Plate. Sb. 6<L 

" PBar. H. It. ^iiifH's iKMik wtu hn fierriefabk In rp&d^iinf m liard road as sajit ah puime 
for tli« iion-iiDJith«tri»ticiil ^tudei^t nbd Ebg^lueer."— ^fAcncTHnt. 

" iDterFttSfif diajrraii^i'i, «'H9i prjiMlcft] 1ililUKlr»LktiR of ikHintLi wevmnct, ULnUthe fotiiid hem 
|p ■bandKEioe. Tbb fut covfliti cufisirinp Birini'SCiK tafih will prove ftrj uiefnl in 
tevlbK III*' tjmt of thow wbo want «n intc^nU In i hurrf/'-^TA^ J'MffifUer^ 



MEASUREMENT CONVERSION 

(English and French) : 
28 GRAPHIC TABLES OE DIAGRAMS, 
Showing ftt A gl&nce the Mutual Cokykbsion of Mbasuhem^itts 

in DlFFKEENT VnITS 

Of Ijingtha, Areas, Volimies^ WeiglitE, StresseB^ Denaitjes» Quantitlfft 
of Work, Horse Powers, Temperature s» 
Fof fAf ume of Engimerst, Surt^vgoy^f Architects, and Ccfttraetori. 
In 4t&, Boards. 7s. ftf. 



Prof. Smith's CoNVEHsiON-TjiBLEa form tho moet uniqye and com* 
prehenRive collection ever plBce<i before the profession. By their uae moch 
time &nd labour will be fifl-ved, and the chances of error in calcalatioa 
diminishGd. It ia believed that henceforth no Engineer's Office will ba 
considered complete without them. 

Tha work la tWfAUXSAnM."—€oll*ef^ Otutrdtiin 
"Oti|ht to b* In rrBKT offlca wtjera eTtn occaiinnal cdnTcriTcnu are requlretL 

*' Pror. Bmitli t1«tK!rvfa the lifartj thaiilii, not onlj of tbf Efoii^ Ftv, but of the Ccifiiimciiii 
Woius, for hnvivg eufoutts^d the wajr for the AJiomon of Uin Mmic ^tstih or MfAiFKUUT. 
& aubjei-t whit;li iu now ansiimJ^ff rr^ftC tnipoTtinee aa a ftictdr utalnLainfitg our hold iitvn 
f oumit TMAttK '*—TAi ^achintn/ NaTka. 



LONDOK: CHARLES GRIFFIN & CO., LIMITED, EXETER STREET, STRAND. 
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Tbisd Ki>moH, Revised and Enlarged. Pocket-Size, Leather^ 6d.; also Larger Size for 
Ojfke Use, Cloth, lis. 6d. 

Boilers, Marine and Land: 

THEIR CONSTRUCTION AND STRENGTH. 
A HAin>BOOK 09 RuLis, FoEMOLiV, Tables, fro., relativs to Matebui.» 

SoAinrLiNas, akd Pbessubks, Safety Valves, Springs, 
Ftrdtos and Mountikos, 
TOR THE USE OF ENGINEERS, SURVEYORS, BOILER-MAKERS, 
AND STEAM USERS. 

By T. W. TRAILL, M.Inst.O.E., F.E.RN., 

Late Engineer Sunreyor-in-Chief to the Board of Trade. 



\* To THE Second and Third Editions many New Tables for Pressubes 
up to 200 Lbs. per Square Inch have been added. 

**Thb most talvablb work on Boilers publiRhed in Engil&nd"— Shipping World. 

"Yery unlike any of the numerous treatises on Boilers which have preceded it. . . . SeallT 
mM, . . . Oontoins an Bnokmous Quaktitt or Inpormation arranged in a rerjr conrenieBt 
tern. . . . Those who have to design boilers will find that they can settle the dimensions for aoy 
tcna nremre with almost no calculation with its aid. ... A most usuul tolumi . . 
iq^ymg information to be had nownere else.' —The Engineer. 

**As a handbook of rules, formulas, tables, &c., relating to materials, scantlings, and pressures, this 
voik will prore host usbpdl. The name of the Author is a sufficient guarantee for its accuracy. Ik 
wiQ save engineers, inspectors, and draughtsmen a rast amount of calculation."— A'atitre. 

'*By iibch an aothority cannot but prove a welcome addition to the literature of the subject. . . . 
We can strongly r«oommend it as being the most ooMPuni, eminently practical work on the sokiJeot.'' 



"To tlM sngimser and ftnUiial boiler-maker it will imre ihtaluabul The tables in ail pro- 
tabUi^ are the most exhaustive yet published . . . Certainly deserves a place on tbo shslf !■ 
the drawing office of every boiler shop. — Practical Engineer. 



Third Edition, Revised. Large Crown 8vo. Handsome Cloth, 4«. 

A MANUAL OF AMBULANCE. 



By J. SOOTT RIDDELL, CM., M.B., M.A., 

Ht. -Surgeon, Aberdeen Royal Infirmary : Lecturer and Examiner to the . 
ibulance Association ; Examiner to the St. Andrew's Ambulance Associati 
Glasgow, and the St. John Ambulance Association, London. 

With Numerous Illustrations and Full Page Plates, 



General Contents. — Outlines of Human Anatomy and Physiolo^ — 
The Triangular Bandage and its Uses — The Roller Bandage and its Usea 
— Fractures — Dislocations and Sprains — Haemorrhage — Wounds — Insensi- 
lillity and Fits — Asphyxia and Drowning— Suffocation— Poisoning — Bums, 
Froet-bite, and Sunstroke — Removal of Foreign Bodies from (a) The Eye ; 
(6) The Ear; (c) The Nose; {d) The Throat; (e) The Tissues— Ambulance 
Transport and Stretcher Drill— The After-treatment of Ambulance Patients 
— Organisation and Management of Ambulance Classes— Appendix : Ex- 
amination Papers on First Aid. 

**A CAPrrAL BOOK. . . . The directions are short and clsak, and testify to tlie 
hand of an able surgeon."— /?(f in. Med. Journal. 

This little volume seems to us about as good as it couldpossibly be. . . . Contains 
Draotically every piece of information necessary to reader First aid. - . * - . 

Its place in bvert household libbabt."— Z)a»/y Chronicle. 

" So ADMiKABLB is this work, that it is difficult to ii 
Oottierf Guardian. 

LONDON: CHARLES GRIFFIN & CO., LIMITED, EXETER STREET, STRAND. 



to reader First aid. . . . Should find 
ronicle. 

work, that it is dUUcult to imagine how it could be better/'— 



0SARLK3 OBlFFiH S 00 J8 PUBLWATIONB, 



In Grown Svo^ extra, mih Numer&u$ Itlmtraiicmt, {Shortlf, 

GAS AND OIL ENGINESs 

AN INTEODTJCTORY TEZT-BOOK 

On the Theoijf DeBigB, CDnBtmctioii, and Testing of Intenul 
Combustion Engines mthout Boiler. 

FOR THE USE OP STUDENTS. 
By 

Prof. W. H. WATKINSON, Whit. Sch., MJnst,Mech.E., 

Glugow uid We&t of Scotluid Todmloal CoUeg«L 



Engineering Drawing and Design 

(A TEXT-BOOK OR- 

Secdnp Edition. In Two FartSj Published Separatelj. 

ToL, 1, — Peactical Gkometrt, Plake, abid SoLm 3s. 

You XL — Machine and Engine DsAwiNa and Dbsign, 4s, 6d. 

BT 

SIDNEY H. WELLS, WaSc, 

A.M.l«BT.(r.t, A.tf,lSBT.iriCH,I„ 

Princip&l of, »d Ilejul nf the En|rltif!«Tln[t Ikpftrtmfiiit in, thit S&tLermi Fo^jtMHinta Imtitab* 
formerly of the EarlDeennir Pep^rtmenli of the Yorkahlra Coll^tt, Lfl«dA; 
uid li^ulwleh CoUeffe, Londoa, 

With many Illmtraiioniti sptdaliy prepared for the Work, cnuf numtr^ 
Example9t/or the Use of Biudznu in Technicvd Schools and OoUegeM^ 

" A BBiFrfc VQHiTt eicoMrnfftr wcU written. Fot tht eafciir Eumplci isd 

<^eatijiDDft we Iibtf ncitliSnff but pruse."— ^VuiMre. 

A c^riTAij TflXT-BOQE* ArTtniTMl OH uciLtiiTT STBTur, cfcleulfcted ts in lDtftl11c«bt 
n-iBp of th* subjects not tbe tnere faculty of qieclikolcaL ^t>/ld|^. . . . Mr. WeUe showi 
now to make coHFi^a woEKuro-puWiJsaa, <tiiciiBilng fcUljr euU itep in the d'emhpi.'^SU^Hoat 

"The firvt hook leadi lAftiiT and i^TtTULiT towurda the teooad. wher« the beckulca] papU 
\M broagbl into eootut with larse and more <*oEDp]ei dealcDa,"— Tihf SeAmimaMtr. 



LONDON; CHARLES GRIFFIN & CO., LIMITED, EXETER STREET, 8TRAHD. 



MLECTMICAL BNaiNEERING, 



MUKEO ft JAMIESON'3 ELECTBICAL POCEET BOOS. 



I 



Twelfth Editiow, Revised and Enlarged. 

A POCKET-BOOK 

or 

ELECTRICAL RULES & TABLES 

FO^ THE USE OF ELECTRiClANS AND KHCtNEERS, 
Bt JOHN MUNRO, CE., h PttoF, JAMIESON, M.Inst.C.E., F.aai. 
With Numerous Diagrams. Pocket Size. Leather^ 6d. 



a E N S R A L 
HITS OF MeASUAIMCNT. 

Ueasuhes. 
Testing. 

CONDUCTOHS* 

Dielectrics, 
Submarine Cables. 
teleg1a7hy. 
Slectrc- Ch km istrt. 



CONTENTS, 

E LECT RO-M ET ALLD RGY. 

I Batteries. 

Dynamos and Motors^ 
Transformers. 
Electric Lightipig. 
Miscellaneous. 
Logarithms. 
Appendices. 
Wvthr of the liiftiAit coomeiidAtijoa we m 



^' WoKDurui,LV PiarBct^ . . 
*'The Stkhljwg Valui of M«Mn. MurniO aad jAMiasos** FocuT-BiMMC."— 



Electrical Measurements & Instrnmeiits. 



A Prmtkal Hand-book of Testing for the Electrioal 
Engineer 

By CHARLES H. YEAMAN, 



L 

Second Edition, 8s, 6d, Leather, for the Pocket, Ea. 6d- 

I GRIFFIN'S ELECTRICAL PRICE-BOOK. 

^fcor Eleetrical* Civil, Marine, and Borougrh Engineers, Loeal 

Authorities, Architects, Railway Contractors, &c., &e, 
V Edited by H. J, DOWSING, 

The Elictkical Paici-Book ki moves ail wvSTileV about the cost cf Bl«tric»i 
Fairer. By its aid the EXf bmsk that will be entaikd by uullsinjt electHcitr on m. I&rge or 
■mill I2ale CAn be discOTcred/'— ^rtAZ/rr/. 

''T^ic value of thU Electrical Price- Book CAliwtrr B< orKii-KSTi«ATKD, ♦ , , Will 
time and traubEe both to the en^meer and ihcbuaineM min.*'^ AfatrAinfty. 

LONDON: CHARLES GRIFFIN & CO., LIMITED, EXETER STREET, STMHD, 



A TEXT-BOOK OF PHYSICS:! 



\rmFmsftm w mattmmz HMMWr sound and liqet; 

MMmmiMM ASD KLBCTBICITT. 



J. B» POTITDIG, 



J. J. THOHsair, 



In bjge ftfts^ wllb Bai k y f t ^iJiiy , iBo^mciocs is the Text, asd sem 

THE MEAN DENSITY OF THE EARTH: 

An Essay to whicb the Adams Prize was adjudged in 1893 li 
the UnlTersltj of Cambridge. 



J. H. POYNTING, Sc.D., F,R.S.. 

Late Fellow of Trinity College, Cambridge; Frofe^or of Fbjsics, Mas* 
College, BkminglmiD. 



As uxQUDt of thift mbJiKt cuidot T^U to Im of qujiT niii} aimiL tHTUwr to Hue • 
' f^l^cetailj li this ttie ^tMi wheo Lerx>Qnt li fltPD one who list coatifbolii » 
lenblr u bsi Prof. ^it^titlDir to onr prt^ieuE it&te of knowlw)^ viUi mrMci l9 ftWT 
Lit Bubject. . . . BfliDUKJibli hm J^ewtoD • eitanU« i^een T«nfled I17 fc^BttBlM 



lOHDQH; mm.lZ GRIFFIH & CO., LIMITED, EXETER STREET, STHAHD. 
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§e. GRIFFIN^S NAUTICAL SERIES. 

Edited by EDW. BLACKMORE, 
Master Mariner, First Class Trinity House Certificate, Assoc. Inst. K.A. ; 
And Writtkk, mainlt, by Sailors for Sailobs. 



" A TBBT USKFITL 8BRI1E8."— JTflrfttre. " This ADMnUBLB ^VBXsa,"—FairpUty, 
" Tlie Tcdomea of Messrs. OriffiVs Kautioal Sbribs may well and profitably be 

Mid I gr AL L interested in our hatiosal MARiTOfE proqeess. "—ifar»n« Engineer, 

« BVEBT Ship should have the whole Series as a Reference Library. HAin>- 

flOCKBLT BOUND, CLBABLT PRINTED and ILLUSTRATED."— lA'Mrpoo^ Joum. qf Commerce, 



The British Mercantile Marine: An Historical Sketch of its Rise 

and Development. By the Editor, Capt. Blackmore. 3s. 6d. 
"This ADMIRABLE book . . . TEEMS With uscful information. Should be in 
ttie hands of every Sailor."— IFeftem Morning Netot. 



Elementanr Seamanship. By D. Wilson-Barkbr, Master Mariner, 
T.S.S.E., F.B..G.S. With numerous Plates, two in Colours, and Frontispiece. 6s. 
"This ADMIRABLE MANUAL, by Capt. WILSON BARKER, Of the 'Worcester,' seems 

to OS PBEFBOTLT DESIGNED."— ^tAtfTlontm. 



"Know Your Own Ship : A Simple Explanation of the Stability, Con- 
struction, Tonnage, and Freeboard of Ships. By Thos. Walton, Naval Architect 
With numerous Illustrations. Third Edition. 6s 
"Mb. Walton's book will be found very useful."— TA« Engineer. 



The Construction and Maintenance of Vessels built of Steel. 

By Thos. Walton, Naval Architect. 



Navigration : Theoretical and Practical. By D. Wilson-Barker, 

Master Mariner, &c., and William Allinoham. 3s. 6d. 

"PRECISELT the kind of work required for the New Certificates of competency 
Candidates will find it invaluable."— Dundee Advertiser, 



Latitude and Longitude : How to find them. By W. J. Millar, 

C.E., late Sec. to the Inst, of Engineers and Shipbuilders in Scotland. 2s. 

" Cannot but prove an acquisition to those studying Navigation."— Jfarine Engineer, 



Practical Mechanics : Applied to the requirements of the Sailor. 
By Thos. Mackenzie, Master Mariner, F.R.A.S. Ss. 6d. 
" Well worth the money . . . exceedingly SELPrjTL."—Shipping World. 



Ocean Meteorology: For Officers of the Merchant Navy. By 
William Alungham, First Class Honours, Navigation, Science and Art Department. 



Trigonometry : For the Young Sailor, &c. By Rich. C. Buck, of the 
Thames Nautical Training College, H.M.S. " Worcester." Price 8b. 6d. 



Practical Algebra. By Rich. C. Buck. [ShorUy, 



A Medical and Surgical Help for Shipmasters. Including First 

Aid at Sea. By Wm. Johnson Smith, F.II.C.S., Principal Medical Officer, Seaman's 
hospital, Greenwich. 68. 

" Sound, judicious, reallt helpful."— TA« Lan/xt, 



The Legal Duties of Shipmasters and Officers. By Benedict Wm. 

GiNSBURG, M.A., LL.D., Barrister-at-Law. 



LONDON: CHARLES GRIFFIN & CO., LIMITED, EXETER STREET. STRAND. 



OSABLMS QRIFUN # €0:B FUBLIOATIOm, 



GRIFFIN'S NAUTICAL SERIES^ 

Pfi^ Ss^ 6d. Post-Jr&e. 

British Mercantile Marine 

Bv EDWARD BLACK MOKE, 

UASTSft tlA]t[Pf«K: AJiSncijUTB TUB [HFTlTUTICiH OF NAVAL AUCHITmCTS; 
MEKtfBR OF TH£ SNSTtTUTtOM OF BnCIMBKBS AND SMIPBUILDCKS 
tM SCOTLAND ; KDITCFX QP "NAUTICAL saKlH^ " 

Oevkkal CortTESTB.— Historical : Froii] Early Times to 1486-" 
under Hftory Vni.— To DeAth of Mi^iy— Dunnff EllzAbetb'a Betgn-tlp t** 
the Reign of WUIiftro III.— The iStb and 19th Centuries— In^titotum d 
jLtMmm».tiotm — Rifle Progreu of Steam Propukion — Devekps^cst d 
Fre* Trade- Shi jitjLng Legialation* 1862 ia 1575— " Locksky HalF CiM- 
0hipmmftt«r«^ 8odetiee— Ijoadmg of Shi].ifi— Shipping LegiaUtinn, lEM io 
Stfttiflka «f Sbippiiiff* Tbk PcRftoNKEL : Shipowners— Officers— Marine*^ 
Dtitiea and Present PoRition. Kducation : A Seaman^s E<ii]catioti: wb&t i 
ihould be— Present Hejuis of Education— Hints, Bisctflink Airn Dl^— 
Poctscrijit^The Berioos Decrease in the Number of Britiab SeameDf « HfstUr 
dviDuidiiig tbe Attentiiin of the Nation, 

iHfsftSsnvo an J tvn-MtrcTiYa - * . mmj be re*d wits Faont and MS4i3/nan''-' 

^^£rsa¥ aaAT^oB of the sutoiect U d«alc with in a wmj whicli shows tbf-t tbi tHMr 
^knowt the rOfH^i' fsmt^tarlij.''— Ji^aJifticiit. 

"Thli APuaABLS txok . . itim with o^efQl lorormsttoii^shotild lie In w 
kands ef ev erf SaJlor. Wultr-n Morning Nmt. 



WORKS BT RICHARD C. BUCK. 

of th& Tbamei Nautical Tralnlog OoUege, II. M. 3. * Woroeater. 

1, AManual of Trig^onometry: 

With Diagrams, Examples, and Exercises. Price 3s. 6d^ 

*,* Mr. Buck*! Text-Book has been specially prep arxd with a 
to the New Examiixations of the Board of Trade, in whkb Trigono 
la an obligatory subjeet. 

2. A Manual of Algebra. 

Theie elementarj worki on aloerra sntl TuicoKoiricTsT »ro wdltea •pecisUf fflt 
thcwfl who win have little opportunity of coniulUn(^ a Tc ftjsiier. They »ro hixilai Tcr "IstP- 
BKir," Ml biat ihe slmpiesi ezplanstlonit hsv*', theratore^ been ftvoidec^^ mnd ambWiu W 
Ihfl ExArctsiPft Arn glTen Aaj person m&j rc^ikdHy, enrefDl Htudy, bacome iii»lerof th^ 
eontaiitH, And thus laj the foaodatton for a further mnthpmtiti(!ul csourise^ if detilreA, It >• 
hop6i1 tti^t Of the yono^r OfElaeri of our Merc-auille Mj^iine thf^y wtii be round dei^Hl| 
SerTiceablo. The £xsmp)ea and EaeraliFe>i %tt lakoafraui the iHxaminaUoa Papflivertritf 
tbe Cadets of the " Woreeiter/' 

For complete Llstot Ghsirmr'a NAiJlicAt* Ssajsa, see p. 45, 



mmimmji^ mmn & co. limited, exeter street, mm. 



GRIFFIN'S NAUTICAL SERIES. 

rrice Ss. Poit-Jree. 

ELEMENTARY SEAMANSHIP. 



WILSON^BARKER, MiaTKn Marinkb j F,R.a B., F.K.a8., Aa, to?,^ 

Wltli Ffontispiece, Twelve Plate* (Two in Colours), and IlluBtrationt 

in the Teil, 

Gbiteral Oortkhts.— The Building of & Sbip; F&rta of Hull MmI«, 
Ropea^ Knota^ 8plidn^% &c. — GeihT, Lead and Lo^, &c, — Kiagiiig, 
Afichora — Sailmaking — The Failfl.* &0. — Handling of B^iats undor Siil — 
Sijgn&ls aod Si^maJiiag— Rulti of the Hood— Keeping and Believing W&tcb — 
PoiiLts of Etiquette— Glossary of Sea Terms and Phrases— Index. 

Thft TDlume LOntninB thfl miw bulu or tfie. soap, 
" Thii ^DHTRAiLX ittHtiAU hf OiPT, W 11^1011-^44 KK u oT tbfl *■ Worcfl-iter,'* seem* te tti 
r«Kni.^T PEHca^-icb ii£]d hijl4a Iti pliiQo fi^f^IlsnLlT in ^Giimn'i Nactigal * . « 

AlUioiigli lut^t](]e[]i for tbosei whu mre to become Office » of tbe M^rcbum NuTj^t will l» 

found I]»«irul by ALL YACmi*VMTII."'~A{fiBllEUm, 

Fl^e »tiLllin|C9 wtll he WbLL bi-kkt qd this little book. Caft. WiL&nH-BARfEvR knofn 
f^om experience whiLt a joung aua waou »t (b« ouivet of hiw careef."— TTbi JfnffncR* 



/'Hca 5f . 6d. Post-free. 



Bt DAVID WILSON-BARKER, K,N,R., F.R,S.K, Jka, 

AIft> 

WILLIAM ALLINGHAM, 

iTRfff-OLlSa HONOUBS, NAVTOATIOH, SOfKlfCie AND A»T P1PABT«1NT, 

Wftb 'RumerouB illustrations and Bsamlnation aiuestions* 

GfiNKaAL Contents. — Definitiona— Latitude and Longitude— Imtrnments 
of Navigation— Correction of Courses— Plane Sailing— Traverse Sailing^- Day*! 
Work — Parallel Sailing — Middle Latitude Sailing — Mercator*B Chart— 
Meroator Saili ng-— Current Sailing— Position iiyBearinjg|8— Great Circle Saiiin^ 
— The Tides— Queationa — Appeni^x: Compass Error— Numerous Useful Hints, 
Index. 

" FaictsKLT the kind ttf work required for the Kaw Certiflcale* of aompeteticy in irradea 
trotD Second JAAte to extra Maiier. . . , €aDdJdatea will Qad li iMVALUAajyt."— i^iiju^ 

''A oAfttAL LiTTii POOE . . . flpttcUHy Aflapted to tbn Kevr ExAmloaUotia T^e 
Authors sJte Ojlft. WiLSOir-BAniEiR (OaptuLi«i-Sn peri bi end eot oT th^ Nautical CoUegev H.Si.Sl 

Worcester/' who koA hdd great f^xp^rieDcei in Ibe b If beat prohlema of Nftvigatlot]), B.fid 
Mjl AuLiiCoFiAH. u well-kQuwn writer on tlie Sclende of Navljf^iion aod Kamtloal Aitrottum^/* 

S/ttppiflff World. 

I V* For oomplete Llat of Qainnt's Nautioal Sibiu, we p. 45. 
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■■ GRIFFIN'S NAUTICAL SERIES. 

Crown 8vo, with Nuraero^a lOuatr&tiona. HajicUome Cloth* Ss» 6<L 

Practical Mechanics: 

Applied to the Requirements of the Sailor. 
By THOS. MACKENZIE, 

Gbnbral CoNTENTfl. — Reaolation and CompoBition of Forc^ — Work done 
by MaahineB ond Ijiving Agmts— The Mechanical Powers: Tho Lewr; 
BerrickB aa Bent Levetra— Th« Wheel and Axle: Windla^a ; Ship^s Capstao ; 
Crab Winoh— Tackles : t\w *'01d Man'' — The Inclined Plane; the Screw— 
Tbe Centre of Gravity of a Ship and Cargo — Relative Strength of Rope : 
Steel Wire, ManUU^, Hempi Coir — Derrickfi and Shears — Calculationi of the 
Cross breaking Strain of l^ir Spar— Centre of Effort of Bails— 'llydrostatlcs: 
the Diving-bell ; Stability of Floaiing Bodies ; the EShip's Pnmp, 

Tkis excellent boor > . . contaius & lahoi amount of informaiiiiiL'' 

— Nature. 

** Well WORTE the money * , , will be fonnd EXCKEDijfGX^T HEUFUI*.** — 
Shipping World. 

'*No Snipa' Oeficerb' bookcase will henceforth be complete without 
CAFTAm Mackenzxe's * Practical MBCUANicaJ Nut with eiandiag ray many 
years' experience at sea, it baa t<>ld me how muck more there 14 to oc^wiant*'— 
(Letter to the Fabhahera from a Master Mariner). 

" I must expresH my thanks to yon for tbe labonr and care you have taken 

in 'PKA.CTICAL MeOHANH:^/ . , * It la A LTFE*a EXPERIENCE. . . , 

What atl amoont vpe frequently «ee vaated by rij^^ging purchajAes without reason 
and accidenta to spars, &c., &c, ! ' Practical MEtJHAKlcB ' Woolti save all 
THIS,"— [Letter to the Author from another Master Mariner). 



Crowa Svtj, With Diagrams, '2b. 

Latitude and Longitude: 

;How t>o Find tihem. 

By W. J. MILLAR, O.K, 

** Concisely and clearly written . , . cannot but prove an aoq^Ksition 
to those studying Navigation." — MaTine Engineer. 

" Young Seamen will iind it HAlJDr and usEEiTL, SIMPLE and olbar.'*— TAl 

BngifHeer. 



For Complete List of Griffin's Nautical. Series, see p. 45* 
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GRIFFIN'S XAUTICAL SERIFS. 

OCEAN METEOROLOGY 

'OR OFFICERS OF THE MERCHANT NAVY. 

BY 

WILLIAM ALLINGHAM, 

Joint- Author of " Kavtgation, Thaor^tkaJ and Practice]/' 



THE LEGAL DUTIES 



OP 



SHIPMASTERS AND OFFICERS. 

BY 

BENEDICT WM. GrNSBURQ, M.A., LLwD., 



F-fRST AID AT SEA. 

Crown 8vOj Extra, HandBonie Cloth. 6b, 

A MEDICAL AND SURGICAL HELP 

FOR SHIPMASTERS AND OFFICERS 
IN THE MERCHANT NAVY. 

BY 

WM JOHNSON SMITH, F.aO.S,, 

Friucipal Medical Officer, SemncD'a HcEpftaJ, Greeowlcli. 
With Coloured Plates and Humewus iHustrations* 

•4* Thfl attention of all iDtareated in ODrMmhant >'a^y fa rrqucFteil to i^s^^^mglf 
i]ft«ftil and valuable work. It ia Eefdkea 10 t*y that it ji itie LUtocme. of muDj yc»rt > 

**SoDiiD, juLiciota, KiiLLi uKurj^L ^—Tht liincH. 

For Complete List of GKiFPiK'iJ Hadtical Series, see p. 45, 
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€0-*S PUBLICATIONS. 



GRTFFIN'^ NAUTICAL SEBTFS, 

Thibij Edition. With NvmerQU* Illu^ir^hns. Handsome 00th, S$, 

KNOW YOUR OWN SHIP. 

By THOMAS WALTON, Naval Architect. 

flPEiClALLY ARKAJ^GED TO SUIT THC TIEQ17IBEM1NTS GT SHIPS* OFFIGEBS, 

AND (>ril£KS. 

This work explains, in a simple manner^ Eucb importa^ 
subjects a.s : — 

Displacementi Deadweightj Tonnage, Freeboard, Moments, 
Bnoyancy, Strain , Strnctnre, Stability^ Boiling, BallaBting, 
Loading, SMfting Cargoes, Admission of Water, 
Sail Area, &:c., ^c. 

Tbe little book wiU be found kxcbbioi^'OLY handt by most officers and 
officials conneeted with sbipping. . ^ « Mr. Wikltoti-a work will obtain 
LAiiTiNO siJCCEHs^ because of its unique fitnesa for thoae for whom i% haa been 
wni\j&ii.*' Skipping World. 

An EXCBLLewr wohk, fuB of boU<3 inatrisction and iNvALnABLB to every 
officer of the Mercantile Marine wbo bus bis profe«ai<:m at heart." — Shipping. 

" Not one of the 242 pages could weU be ipaj^d. It will admirably fulfil its 
purpose . - . UEteful to ship owners, ship auperintcndeuts, ship diraiigbti- 
Euen, and all interested In shipping-." — Lit'erpod Joitrtta! of Commerce, 

" A masa of VERT UjSBFCL ^p^FollMAT^o^^ accfirtifwimed by diagrams andillui* 
trationB, ia given iu a compact h^rmJ'—Fairplay. 

" A large amount of mqst xjsepul iNFORMATinN ia gjirsn in the volnm©. 
Tfce book la certain to be of great service to those who d»aire to be thoTOughly 
grounded in the subject of which it tT^&tB."^Steam.>thip. 

" We have found no one statement tbat we could have wished differently 
expresaed. The matter has, so far aa cleameBs allows, been admirably oon'- 
densed, and ia aimple enough to be understood by every seaman." — Marint 



Bt the Same Attthok. 
In Frtparation* 

THE CONSTRUCTION AND MAINTENANCE 
OF VESSELS BUILT OF STEEL. 

For Complete list of Griffin's Nautical Series, lee p, 4S, 



LONDON: CHARLES QRIFFIN & CO., UMITEO, EXETER STREET, STRAHa 



GHARLEa QRIFFIN C0J8 PUBLICATION ^ 



INORGANIC CHEMISTRY 

(A SHORT MANUAL OF). 



AND 

WILSON HAKE, PhD., RLC, RCS., 

or the Westmuuter HosEHta] Medici SpHcwL 

Second Edition, Revised. Crown SvOi Cloth, 7s, 6d, 

**A wcO-wrjtCeUr dear and accurate Elementaiy Manual of fnoi^nic ChcimitTT. 
We aerae heartily In the system adopted by Drt Dupprf and Hakt Will hakb £]tpmu> 
I VtBWTAL WoKic TAJBBLV JftTKRESTmc bkCAUSS mTSLUGiaLK." — Satunday Rnnrtu, 

There Is no questioa that, ^ven the i^rfbct caouNCtifC of the Student in hU Science^ 
t remainder comes* afterw^irdi to him in a manner much inoine simple and easily acquired- 
Tltc work is Aif bjcakflk qf the advahtags^ of thk Svetkiiatic Treathekt of ■ 
Seioice otct the fragmentary style so generally fo] lowed Bv A long way the ust of the 
ftmaJl Manuiib for Studentf-^^na^jff/. 
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LABORATOEY HANDBOOKS BY A, HUMBOLDT SEXTON, 

Profoaior of Metfllbrgy in the aiaasow and Wost of Scotland TijchmOil Coltagii. 



Sexton's (Prof,) Outlines of Quantitative Analysis. 

FOR THE USE OF STUBEJfTS. 
With lUuBtrationB. Fourth Edition. Crown Svo, Cloth, 3a. 

" A coupAOT lahorjlturt ouins for beginners was wanted, snd th« wmai hmt 
bMQ WBLL a(iPf ... A gwid lUid mtM book"— Laiicet* 



Sexton's (Prof.) Outlines of Qualitative Analysis. 

FOR THE USE OF STUDENTS. 
With BluBtrationa. Thied Edition* CrowB 8vo, Clotb, 3a, 6d. 

** The work of a tfaoroaghlj practical chemist. "—PriltiiA Medical J&itmaL 
» Comp]i«d with great luro, aad will auppLj a wtnt^^^^Jourml of Mdj4jt^im* 
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CHARLES GRIFriyf S OO.'S PUSLWATIONS. 



FocTETH Edition, Revised. With AdditionaJ Illustrations. Price 6t 

PRACTICAL SANITATION: 

A HAND-BOOK FOR SANITARY INSPECTORS AND OTHERS 
INTERESTED IN SANITATION 



By GEORGE REID, M.D., D.P.H., 

FtHmif, Mfm. CtfumetX at$d Ejcamtrtifr, SfiniMr^ Jn^siittite nf Crmt Britain, 
ami Mm^oI 0^c*r (i» ths Siajf&rdskin C^nijf Ctfux^ii. 

TUaitb an Bppeiidfj on Santtari^ Xaw, 

By HERBERT MAN LEY, M.B,, D.EH., 

Mtdka^ OJ^tr #/ Health far iht C&unty Bffrmgk of WtMt Br^mwuk* 
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GiNERAi. Contents- — Introduction^ — Water Supply; Drinking Water, 
Pollution of Water — Ventilation and W'artning; — Principles of Scwjige 
Removal — Details of Drainage ■ Refuse Removal and Disposal — Sanitaij 
and Insanita^ Work and Appliances— Details of Plumbers Wort — House 
Construction — Infection and Disinfection ■ — Food, Inspection of ; Clifliac- 
teristics of Good Meat ; Meat, Milk, Fish, ^c.^ un£t for Human Food— 
Appendix i Sanitary Law ; Model Bye- Laws, &c* 

"A VEBTT usEFUi. HANDBOOK^ With a Very useful Appendix. We recommend 
It not only to Sanitajiy INSPECTORS, but to HOUSEHOLDERS and ALL intcr< 
in Sanitary matters." — Saniiaty Rt£0rd^ 



Pocket SiM. Leather. With Illustrationfii. 12s, 6d. 
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HYGIENE (A Hand-Book of), 

SURGEON-MAJOR A. DAYIES, D. P, H. Oamb., 

liftte A^BisLnnt-Froretvcir of H jgieue, Ktrnj Hfl41»l BohooL 



General Contents- 
Air and Ventilation— Water and Water Supply— Food and Dictiag— 
RemoveJ and Disposal of Sewage— Habit at iona — Personal Hygiene — SoOl 
and Sites — Climate and Meteorology— Causation and Prevention of Diaeaae 
— Diain feet ion, 

" Ttili ADMimAmit HAirrQoor » , > ai^M FliU ^nfortniitJoti comptesisd Into tbft istftllctl 
pofllLlil? bulk."— J^dtfl. J/rd. JtitirlTflL 

■^TIjo (?lt|fiiiit dreiii nf the lUtle ToTume btforfi ub 1r ttit tbe oiitef coterloB of A. rartT iJCS 
KRBiiSJ^ fct>U juttty uiFrks tli]e pijijie it *|M<£i1:fii]Foufi'j calli fOTdi. Altrncthe to Iht tjt, f argecH' 
Mikjur lUviiiLB' voRiitfie He equill; nttrmitJve to Ihe bijti<L Irttulrma v^iM fijbd thai iti tm b«cci 
coni]irEie k\Jk inrDimfttli^i] iircckiirj. Compact, niitiiT, coHraEBEi^fliTi, It £«iiaiiLlj i 
hitrlt plicB urn ens the Lext-boiike of tbe iljiy^"— ^oniirar^ Mccttrd^ 

*' We i,re gtad Iq ^fkcjina Survccn Uigur T'livki' looH . , ► he hai bad 
to DiiiltA hlratcir i. 1IA6TIR or tee fciifcIi ^nd he Hm a nght la spirali. . . 
TTMii er «) SATP, well 611 d cifitrly wilrttn. jikwsnt to tm^.—TU Lancet. 

*'RMlt1r ftb ADMIIABLI nOOX. , , . AMOfc 

*' A aLfsflTiliirl^roinriiiet And elf pint TolTim* . , , 

rslMlnff t4i Iljj'gioue cUiAfiLT m^d umtHA^ttt AaM-Hfito and etuv of refereace. 



jp4ra|i. * * . WoKuaanrUif 
A MOfcT ninpT WORK OF ^KTiifti^ci ftiU of Infonsttjati.'' 
FDntiiliia ao ■dizilrmlrTp pr^M of ertrythhst 
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